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SUMMARY: 
This dissertation delves into numerical modelling of riser problems focusing on riser-
seabed interaction. Recent findings showed that riser-seabed interaction which played an 
important role in riser bending fatigue was oversimplified by assuming linear elastic 
contact behaviour. Soil suction as a stress-raising mechanism was ignored by assuming a 
stiffer seabed. Hence, the research is focused on improving the riser-seabed contact 
model so as to better predict the riser bending stresses. Numerical modelling was carried 
out in ABAQUS where the riser was discretised into 1-D beam elements. The riser-
seabed contact is represented by plastic riser-seabed trusses to incorporate unloading and 
suction behaviour. To accommodate uneven seabed profile or non-uniform geotechnical 
properties, seabed parameters can be calculated spatially in a pre-processor to be read 
into ABAQUS.  For riser-seabed interaction behaviour, bearing capacity theory and 
Bridge’s suction model are adopted. To ensure a complete riser-seabed model, additional 
load paths are proposed. For verification purposes, numerical results are compared 
against test data from both laboratory and large-scale experiments.  The laboratory tests 
investigated the case of a pipe embedded in offshore clay for 72 hours before being 
pulled out at constant velocity. For the large-scale experiment, the riser anchored to the 
seabed was subjected to vertical actuation displacements to simulate the lay-down and 
lift-up motion of a riser. Numerical analyses with and without suction are carried out to 
investigate the influence of suction which has been largely ignored in previous 
interaction models. Parametric studies are carried out to analyse the effect of seabed 
stiffness and touchdown geometry. 
 
Keywords: riser, suction, touchdown zone, seabed interaction, modelling 
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CHAPTER 1 INTRODUCTION 
1.1 BACKGROUND 
As oil resources on land dries up, offshore oil exploitation offers an answer to the ever-
increasing energy demand. However, with the oil fields moving into deeper waters, the 
harsh marine environment poses greater challenges for the offshore oil technology as 
existing solutions become obsolete.  
One of the essential offshore equipment facing new challenges is the riser. The riser is 
basically a conductor pipe conveying oil from the wellhead or pipeline on the seabed to 
the fixed or floating platform above seawater level. The selection of riser system 
depends on environmental circumstances and water depth. In the earlier days, common 
practice was to use top-tensioned rigid risers in conjunction with fixed platforms for 
shallow waters as shown in Figure 1.1(a). The response of the top-tensioned riser to 
hydrodynamic loading is equivalent to that of a beam-column subjected to transverse 
loading. The metallic riser was tensioned to avoid buckling. However, as rotations at 
both top and bottom connections were limited, the top-tensioned riser was very sensitive 
to heave movements caused by wave and current. Similarly, a reduction in top tension 
due to heave movement might cause larger riser bending moment leading to buckling. 
Hence, heave compensation equipment at the top riser end was required to compensate 
for the lack of tension due to heave movement. 
For oil exploration into deeper waters, several issues rendered the top-tensioned rigid 
riser technically infeasible. In the more volatile environment, rigidity of the riser 
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attracted large dynamic stresses resulting in a shorter fatigue life. With considerably 
larger first-order heave and surge motions, consistent top tension was difficult to 
maintain while riser connections became high-fatigue spots. Riser slenderness in deeper 
waters made the rigid riser more prone to buckling. Hence, the innovative solution to 
deeper waters was to abandon the rigid riser in favour of a compliant riser to reduce riser 
stresses as well as bypass the need for heave compensation equipment. Hence, oil 
exploration into deeper waters and harsher environments led to the emergence of the 
flexible riser concept.  
Instead of resisting floater motions thereby increasing riser stresses, the flexible riser 
employed a compliant configuration that absorbed floater motions by change of 
geometry without the use of heave compensation equipment. There exist several riser 
configurations for the flexible riser system, such as free hanging catenary riser, lazy S 
riser, steep S riser, lazy wave riser, steep wave riser and pliant wave riser as shown in 
Figure 1.1(b)-(f). The earliest riser configuration used was the free hanging catenary 
riser with great resemblance to the classical catenary. The point where the riser first 
touches the seabed is known as the Touchdown Point (TDP). With the rapid change of 
riser geometry in the dynamic environment, there are infinite possible touchdown points 
grouped as the Touchdown Zone (TDZ). The free hanging catenary riser was widely 
used in deep water due to its ease of installation and analysis. As illustrated in Figure 
1.1(b), a segment of the riser rests on the seabed while the remaining length lays 
suspended like a catenary. To accommodate platform motions in the near and far 
positions, the riser is lowered down or lifted off the seabed as shown in Figure 1.2. The 
surface motion is directly translated into vertical cyclic motions at the Touchdown Zone 
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(TDZ) causing fatigue failure due to overbend or compression. The most severe motion 
is heave from first order vessel motion (Mekha 2001).  
To solve the fatigue problem at the TDZ, several other configurations as shown in 
Figure 1.1(c)-(f) were improvised to cushion riser motion at the touchdown zone. In the 
lazy S and steep S riser configurations, a subsea buoy fixed to a seabed structure or 
connected to seabed by chains is added to the free hanging catenary riser. As an 
intermediary, the subsea buoy blocks the transfer of surface motion to the TDP and 
absorbed the tension variation. The seabed buoy also reduces the length of riser 
supported by the top-tensioner, thereby reducing the requirement of the top-tensioner 
equipment. For the lazy and steep wave configurations, added buoyancy along a 
considerable riser length is used instead of a subsea buoy. The benefits are akin to those 
of the S configurations. The pliant wave configuration is similar to the steep wave 
configuration except that the tension is transferred to the anchor instead of the TDP. The 
riser was tied back to the well located beneath the floater and made well intervention 
possible without an additional vessel. 
Initially, low strength but expensive polymer was preferred over steel as pipe material to 
achieve compliancy for short risers. The flexible riser consisted of concentric unbonded 
layers of extruded polymer and reinforcing helical metal. However, the multiple 
unbonded layering of the pipe rendered numerical analysis difficult to carry out. With 
the ever increasing riser thickness to handle hydrostatic pressures, polymeric riser 
became a costly option. A more viable solution had to be found for deeper waters.  
In 1994, Shell pioneered the implementation of the Steel Catenary Riser (SCR) concept 
in water depth of 872 m and started a new era of oil and gas production in deeper waters. 
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As further development of the flexible riser concept, the SCR employing the free 
hanging catenary configuration replaced the low-strength polymer with stronger but 
cheaper steel to resist huge hydrostatic pressure. Previously too rigid in shallow waters 
to attain compliant configuration, the steel risers became slender and flexible in deep 
waters. Generally, the SCR operated on floating platforms such as Tension Leg 
Platforms (TLP), semi-submersibles, Floating, Production, Storage and Offloading 
vessels (FPSO) and SPAR-like structures in deeper waters as well as some fixed 
platforms. In response to motions of floating structures, SCR alters its geometrical 
configuration by stretching and kneeling as depicted in Figure 1.2. In a free hanging 
catenary configuration, the platform heave motion is transferred to the touchdown area 
causing fatigue. Hence for TLPs and SPAR-like structures with small heave motion, 
SCRs are widely installed. However for other floating structures with more significant 
heave motion, SCRs are installed with full knowledge of the consequences of floater 
heave motion on riser stresses and fatigue life expectancy.  
Fortunately, the influence of floater heave motion on SCR behaviour reduces with water 
depth. In deeper waters, floater motion is effectively dampened through the mediums of 
suspended SCR pipe and water column before being transferred to the touchdown area. 
Besides that, the change in configuration for a longer riser in response to floater motion 
is less significant. This makes SCR more suitable for deeper waters where floater motion 
is less detrimental to SCR fatigue life. Yet for deeper waters, the additional weight for 
thicker SCR pipes has to be borne by the floating structure.   
The response of the riser in a complicated marine environment considers several issues 
at work as illustrated in Figure 1.3. These include the self-weight, hydrodynamic 
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loadings, internal and external pressure, internal flow-induced forces, riser-seabed 
interaction and top end excitation due to vessel motions. The main concern with SCR is 
the fatigue life expectancy. There are two sources of fatigue, namely the random wave 
fatigue and vortex-induced vibration fatigue. Random wave fatigue is due to wave action 
and wave-induced platform motion and causes fatigue hotspots at the touchdown area 
and near top end connection as shown in Figure 1.3. Vortex-induced vibration is mainly 
due to current especially loop currents.  
With the wide installation of SCRs in deepwater projects, the expertise and 
consequences of using the SCR system becomes of great concern to the oil industry. 
Much research has gone into numerical modelling to predict and understand its response 
and the amount of fatigue damage under environmental loadings. A better understanding 
of the riser behaviour allows a more accurate prediction of the fatigue life of the riser as 
well as more appropriate design codes for riser implementation. Furthermore, the 
identification of local failure zones in the riser can facilitate modifications of the riser to 
improve its fatigue performance. Numerical modelling of the riser before installation 
also allows predictions to be made regarding the riser limits in certain extreme scenarios.  
1.2 SCOPE OF THESIS  
The main aim of this thesis is to adopt a more realistic riser-seabed interaction model for 
riser analysis by considering suction. Part of the research scope involves the 
incorporation of the velocity-dependent Bridge suction model into the material model 
for riser-seabed trusses representing the riser-seabed interaction in ABAQUS. Previous 
numerical analyses simplified the numerical implementation of Bridge model by 
_________________________________________________________________________________ 6
assuming a constant pullout velocity across the seabed. To complement the Bridge 
suction model which only accounts for the uni-directional load path of riser out of the 
seabed, additional load paths are proposed. Comparisons with experimental results are 
carried out to verify the numerical model. The applicability of the proposed load paths 
are illustrated during vertical cyclic motion of the top riser end. Parametric studies are 
then conducted to investigate the effect of seabed stiffness and touchdown geometry 
especially deep trenches on riser bending stresses.  
1.3 LAYOUT OF THESIS 
Chapter 1 gives a brief background history of the riser. The forces acting on the riser and 
the issues influencing riser design are introduced. Areas of concern affecting riser 
fatigue life are also mentioned.  
Chapter 2 highlights the existing methodologies and approach towards riser problems. 
Recent discoveries unveil the actual riser-seabed interaction and its influence on riser 
stresses and fatigue life. The Bridge’s suction model calibrated by pipe uplift 
experiments is also discussed.  
Coupled with existing riser methodology, Bridge’s suction model is incorporated into a 
1-D material model for riser-seabed truss element representing vertical riser-soil 
interaction in Chapter 3. Additional load paths are proposed to improve the existing 
interaction model. 
Chapter 4 covers verification of the model through quasi-static analyses. For partial 
verification, the static analysis of a riser-seabed truss element characterized by the 
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material model subjected to controlled displacements is compared against laboratory 
data from pipe-uplift experiments. This numerical test acts as an initial check for the 
numerical implementation of the interaction model as well as the accuracy of the 
Bridge’s suction model. To validate Bridge’s suction model in actual riser-seabed 
interaction scenarios, verification with large-scale experimental results is implemented. 
Numerical tests with and without suction are carried out to investigate the influence of 
suction on riser bending stresses. Lastly, the case of top riser end subjected to vertical 
cyclic motion is studied to illustrate the loopholes of the existing interaction model and 
the need for load paths proposed to complete the riser-seabed interaction model. 
In Chapter 5, parametric studies are carried out to investigate the effect of touchdown 
geometry and seabed stiffness. A flat seabed profile with progressively deepened 
trenches at the touchdown area is analysed to investigate the impact of deep trench 
formation on riser stresses. 
For chapter 6, the difficulties overcome especially numerical problems are mentioned. 
General conclusions from the numerical study are also made and recommendations 
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CHAPTER 2 LITERATURE REVIEW 
2.1 EARLIER WORKS 
The earliest works on riser dynamic analysis covered two different methodologies, the 
time domain techniques (Ahmad 1989, O’Brien 1989) and the frequency domain 
techniques (Krolikowski 1980, Langley 1984, Kirk 1985). The frequency domain 
method with its ease of implementation and reduced computational requirements was 
more popular in the early days. However, frequency domain methods cannot model 
nonlinearities directly and have to rely on linearization techniques to approximate the 
nonlinear drag component. The validity of the linearization techniques and extent of 
inaccuracy is disputable (Kao 1982). With the emergence of powerful computers and 
rising popularity of the flexible riser configuration, it has gradually lost dominance to 
the far more accurate time domain method. Despite its huge computation requirements, 
the time domain method can model nonlinearities in drag force and structure prevalent in 
flexible riser configurations.  
One of the more significant earlier works was the development of a full 3-D solution for 
flexible riser configuration outlined by O’Brien and McNamara (1989). The riser fixed 
at bottom end and pinned at top end was discretised into hybrid beam elements and the 
seabed-contact algorithm assumed rigid contact and coulomb friction. A cross-current 
profile was considered. Although an initial static configuration was based on catenary 
equations, the stress state of the initial configuration was accounted for by considering 
the rigid body motion of the undeformed axes into the convected axes as translation of 
the undeformed axes to the first node of the deformed axes followed by a unique set of 
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three successive rotations about selected axes.  To accommodate the wide frequency 
range of vibration for the compliant riser, the Hilber-Hughes-Taylor method with 
variable time-step was selected. Cases carried out included a lazy-S configuration and a 
steep-S configuration, both of which were subjected to the same cross-current loads. 
Both tests yielded similar results under current loading. In another series of analyses, a 
free-hanging riser resting on the seabed was subjected to three-dimensional waves and 
current loads as well as vessel motions.  It was observed that the touchdown point keeps 
changing during the dynamic analysis and the maximum out-of-plane bending moment 
occurred at the TDP. 
Ahmad (1989) conducted parametric studies to investigate the effects of relative velocity 
drag term, long-term drift oscillation and instantaneous motion of the vessel, and current 
velocity on the bending stresses on long and short vertical risers. The riser composing of 
one-dimensional hybrid beam elements was pinned at seabed and connected to rotational 
and vertical springs for the top end. As the vertical riser was not long enough to rest on 
seabed, riser-seabed interaction was omitted. For the riser subjected to wave and current 
forces, Morison equations in Eqs. (2.1)-(2.2) were employed to evaluate inertial and 
drag forces on the riser per unit length, Df  and If , where DC , MC , AC  are wave drag and 
inertial coefficients. 
( ) ( )1
2D D r r
f C D u U x u U xρ⎛ ⎞= + − +⎜ ⎟⎝ ⎠  −      (2.1) 
(2
4
)I M AD rf C u C xπ⎛ ⎞= −⎜ ⎟⎝ ⎠         (2.2) 
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Time marching integration carried out for the two-dimensional plane strain dynamic 
analyses. An equation was proposed for vessel motion and horizontal current velocity 
was assumed to vary linearly across water depth. Numerical studies were done to 
investigate the effects of nonlinearities such as drag force and fluctuation of sea surface 
as well as long-term and instantaneous vessel motions. From the results, it was 
concluded that assuming linearised drag underestimated the bending stress. The effect of 
nonlinearity due to fluctuation of sea surface on bending stress depended on the ratios of 
the excitation and natural frequencies. Long-term drift motion of vessel altered riser 
response while instantaneous vessel motion due to random waves was not significant 
and could be neglected. The inclusion of current was found to change the riser response. 
Nevertheless, the findings were limited to rigid vertical risers without seabed interaction. 
2.2 INTERNAL FLOW 
Before Patel and Seyed (1989, 1992) examined the contributions of internal flow to riser 
static and dynamic responses, the influence of internal flow has been largely ignored. 
The static fluid inside the bore applies pressure forces related to weight of the fluid and 
curvature of the pipe. For internal flow, the curvature of a typical riser also induces 
steady and time-dependent forces due to momentum changes associated with 
homogeneous or two-phase gas/liquid slug flow in the bore. The external pressure P , 
internal pressure  of constant flow velocity U  and drag forces along the x- and y-axis, 
o
iP i
xN and  yN , are expressed in the governing Eq. (2.3) of a steady-state flexible riser 
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    (2.3) 
The effective tension  controls the pipe curvature and accounts for its geometric 
stiffness. To maintain a constant effective tension, changes in internal or external 
pressures must be accompanied by an equal and opposite change in the riser true wall 
tension T . Hence, the external hydrostatic pressure  in reducing the true wall tension 
is similar to that of a compressive force while the internal pressure P  in increasing 
true wall tension acts as a tensile force. Steady internal flow modifies the pipe wall 
tensions in a manner similar to internal pressure by increasing the wall tensions. The 
magnitude of the increase in wall tension is independent of the flow direction for a 
steady flow. For dynamic analysis, fluctuations in internal flow velocity will cause 




Patel and Seyed (1989) derived the governing equation incorporating the effect of riser 
excitation due to slug flow through the riser bore. For non-homogeneous flow, the slug 
was considered to have a density that varied sinusoidally along the riser length. The 
frequency domain method was described and results compared with model tests for riser 
due to external disturbances vessel motions and waves and due to internal flow. 
Experiments were carried out in two parts to verify the frequency domain method. In the 
first part, predictions were compared with test results to verify riser response subjected 
to external disturbance of surface vessel motions and wave actions. The riser was 
subjected to unidirectional waves. The second part of experiment verified riser response 
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due to internal pressure and flow. The experiments were carried out both in air and 
water.  Results showed that internal pressure effect on riser profile became more 
significant with increased water depths. The most important effect of internal pressure 
was a change in the tension distribution along the pipe especially in regions of sharp 
curvature. High internal flow rates magnified internal pressure effects by raising 
physical pipe tensions further. Dynamic slug flow subjected the pipe to large fluctuating 
tensions that introduced an additional source of cyclic fatigue loading.  
Seyed and Patel (1992) followed up on their research by deriving equations for 
calculation of pressure and internal flow induced forces on flexible risers based on a 
mathematically rigorous approach. For calculation of pressure forces on curved pipes in 
two dimensions, approximate equations where fluid pressure along the pipe was linearly 
interpolated between the pipe ends and exact equations where fluid pressure along 
curved pipe was directly integrated were presented. It was shown that internal flow 
contributed a new term to the expression for effective tension quadratically proportional 
to the flow velocity, directly affecting the geometric stiffness of the riser. Governing 
equations were presented for the specific cases of various flexible riser configurations in 
Figure 1.1.  
2.3 RECENT NUMERICAL MODELS 
Bar-Avi (2000) investigated the internal flow effect on a vertical riser. Equations of 
motion of riser were formulated based on Hamilton’s principle where 3rd or higher order 
terms for displacements were ignored. Environmental loadings such as wave, current 
and wind were considered. The riser ends were pinned at the top and bottom. As the 
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entire riser length was suspended, riser-seabed interaction was not modelled. Internal 
fluid velocity was varied as a function of time. The Morison equations from Eq. (2.1)-
(2.2) were adopted in calculation of wave and current drag and inertial forces on the 
riser. To determine the wave kinematics for wave loading, an appropriate wave theory 
has to be selected based on wave parameters and water depth. The linear Airy Wave 
theory was assumed to determine the wave velocities and accelerations. In the first case, 
fundamental frequency and equilibrium position without external loadings was 
investigated considering the influence of internal flow. The riser in the absence of 
internal flow velocity reached steady-state while the riser in the presence of internal flow 
kept oscillating due to the flow-induced vibrations. For the second case, the riser 
response to regular wave and current was also analysed considering the effect of internal 
flow. The third case involved the riser subjected to base and top excitation in addition to 
previous loadings with and without internal flow. The riser with internal flow shows a 
significantly larger response than the one without flow. Lastly, riser responses to 
constant acceleration and deceleration of internal flow were studied. It was observed that 
a deceleration of internal flow in the direction of gravity resulted in more apparent 
sagging while an acceleration of internal flow opposite to the gravitational direction 
caused a buoyancy effect leading to a reverse catenary shape. 
Chai et al. (2002) presented a three-dimensional lumped-mass formulation of a catenary 
riser with torsional and bending stiffness, capable of handling irregular seabed 
interaction instead of the usual hybrid beam elements. The non-penetration constraint 
was imposed for seabed contact. The seabed surface was discretised into flat 
quadrilateral panels with the seabed mattress being lumped into a number of 
concentrated elastic springs to support the grounded nodes. The seabed profile was 
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randomly created using random number generator. The bottom end was assumed pinned 
while the top end position was time-varying due to the floater motions. Morison 
equation was again adopted for hydrodynamic force calculation. Four case studies were 
carried out. The catenary riser was first subjected to solely self-weight for validation. In 
the second case, a torsional moment was applied to the riser top end under self-weight. 
The third (dynamic) case involved modelling a wire-chain-wire mooring cable with 
seabed interaction connected to a spring buoy subjected to out-of-plane excitation. An 
initial catenary configuration without seabed contact was chosen to start the static 
process. For the fourth (dynamic) case, a low long-wave steel riser pinned at top end and 
fixed at lower end was subjected to torsional moment, in-plane excitation and oblique 
current considering seabed interaction. 
Raman-Nair (2002) formulated 3-D riser motions undergoing large elastic deformations 
using Kane’s formalism. The riser was discretised into lumped masses connected by 
extensional and rotational springs with structural damping. With torsional and shear 
deformations neglected, the primary deformations are assumed to be due to longitudinal 
and flexural vibrations. Instead of the Airy Wave theory, Stoke’s 2nd order theory was 
used to describe surface wave kinematics. Fluid-structure coupling was achieved by 
application of hydrodynamic loads via Morison equation. The model also incorporated 
the effect of internal flow and vortex-induced lift force. Internal fluid pressure was 
assumed to vary linearly with depth. A flat seabed was assumed. For partial validation, 
the first two cases are studied for partial validation without assuming internal flow. The 
first case simulated a riser with zero stiffness pinned at both ends while the second case 
modelled a cantilever fixed at one end. The results of both cases agree well with existing 
solutions. For the third case, motion of the top end was specified about a mean position. 
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Three different scenarios were analysed, namely a riser with zero stiffness and pinned at 
both ends, a riser with stiffness and pinned at seabed and a riser with stiffness fixed at 
seabed end. A similar result for the last two cases showed that the boundary condition at 
the seabed end was not significant. In the fourth case, the riser was pinned at seabed end 
and the motion of the top end was specified with heave and surge to model vessel 
motion. 
2.4 RISER-SEABED INTERACTION 
Despite accounting for various in-situ loadings at work, recent studies have revealed the 
inadequacy of existing riser models in modelling riser-seabed interaction. The riser at 
the touchdown zone was recently identified as a fatigue hotspot which substantially 
reduced the riser fatigue life. The source of bending fatigue was the repetitive motions of 
lifting up and lying down on the seabed causing the riser to experience contact and 
separation from the seabed. This cyclic riser-seabed interaction in turn caused the riser at 
touchdown zone to oscillate between hogging moments upon contact and sagging 
moments when suspended as shown in Figure 1.2 causing bending fatigue. Unaware of 
the significance of riser-seabed interaction behaviour and touchdown geometry on riser 
fatigue, existing riser models unrealistically simplified the riser-seabed behaviour by 
assuming rigid or linearly elastic flat seabed (Chai et al 2002, Raman-Nair 2003).    
Firstly, riser models employing elastic seabed contact ignored formation of trenches by 
assuming negligible plastic soil deformation. However, recent surveys by Remotely 
Operated Vehicle (ROV) of installed catenary risers in Figure 2.1 showed deep trenches 
of 4-5 pipe diameters deep at the touchdown zone within a few months of installation. 
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The deep trench phenomena indicated substantial plastic soil deformation which 
contradicted the validity of elastic riser-seabed contact. Moreover, the steepness of 
seabed slope at deep trenches might cause sharp reverse curvatures of the riser which 
went unnoticed in riser models adopting elastic contact. The formation of deep trenches 
is discussed further by Clukey (2005). 
Secondly, a common approach to ignore the contributions of stress-raising mechanisms 
such as suction or trench wall resistance is to employ a significantly stiffer seabed in 
order to overestimate the riser stresses or under predict the fatigue life for the riser. 
However, experiments carried out showed that suction which increased bending 
curvature at TDZ could be comparable to bearing resistance of the seabed in Figure 2.1 
(Egil 2004).  On the other hand, using a stiffer seabed severely over predicts the fatigue 
damage and underestimates the riser life expectancy. Current practice of assuming a 
stiffer seabed to overlook stress-raising mechanisms is too simplified to capture the 
complexity of the interaction or give an accurate prediction of riser stresses.  
Attempts have been made by Theti (2001) and Clukey (2005) to describe actual riser-
seabed behaviour and trench formation. Main contributor to riser fatigue is the frequent 
vertical riser movements of the pipe responsible for fluctuation of bending moments of 
the pipe at the touchdown zone. Soil suction induced by upward pipe movement 
accentuates the local bending curvature at TDZ. When the soil is loaded to a failure state 
beyond suction limits through upward riser movements, pipe-soil separation occurs.  
Separation is most likely to occur at the touchdown zone where vertical motion is 
drastic. Near the touchdown zone, the milder cyclic motions induce suction but are not 
sufficient to load the soil to failure state. Further along the seabed towards the wellhead, 
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the minimal motions are unable to induce suction forces and riser fatigue is insignificant. 
The soil degradation after repeated suction breakouts facilitates trench formation. 
Besides soil degradation, the main cause of trench formation is soil-water mixing. The 
water accelerates out of the depression when riser lies down and accelerates back to the 
trench when riser lifts up, providing effective sediment transport for trench formation. 
The soil-water mixing process responsible for sediment transport also weakens the soil 
strength leading to greater pipe penetration. Hence, in the short-term, the pipe-soil 
separation, re-penetration and trench formation are beneficial to the riser by producing a 
softer response of the soil. However, trench slopes as a result of trench formation have 
undesirable effects on the fatigue life of the riser by causing reverse curvatures or 
hogging moments of the riser. In the long-term, consolidation effects from cyclic 
loading and exposure to underlying stiffer seabed tend to increase the soil stiffness 
thereby reducing the fatigue life of the riser.  
Recognising the importance of riser-seabed interaction, a considerable part of the Steel 
Risers in Deepwater Environments Joint Industry Project (STRIDE JIP) was devoted to 
investigation of interaction between a soft clay seabed as found in deepwater projects 
and a steel catenary riser, including large-scale testing at Watchet Harbour. For practical 
reasons, the length of the riser on site had to be shortened in the experiment. However, 
in order for the experiment to have real significance, the experiment must have some 
correlation to the actual riser on site. An approach would be to analyse the bottom 
segment of the actual riser in contact with the seabed. To simulate environmental 
conditions, numerical analysis of a full-scale 6-inch diameter SCR in 1000 m water 
depth subjected to daily and extreme environmental load-sets was conducted as shown 
in Figure 2.2. The bottom segment of the SCR was later selected for experimental 
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investigation as shown in Figure 2.3. In the reduced model, a 110 m long and 0.1683 m 
diameter SCR pinned to an anchor at the bottom end was connected to an actuator at the 
top end via an adjustable cable. In the finite element analysis, the prescribed motion at 
the actuator was varied until SCR motions for the reduced size model matched those of 
the full depth model. The prescribed motion at the actuator was then implemented in the 
large-scale experiment at Watchet Harbour to simulate wave and vessel drift motions of 
a spar platform.  
To predict the suction behaviour at the test site, Willis (2001) conducted a small scale 
uplift experiment using a 3-feet long pipe of 6” diameter. The submerged pipe was 
pushed into the soil at known load for overnight consolidation and then pulled out at 
constant rate. The uplift experiment could only simulate a flat lift instead of the gradual 
peel away of the catenary. With the use of a short pipe, end effects could contaminate 
results significantly. Nevertheless, the results in Figure 2.4 provided much insight into 
the suction behaviour during uplift. 
From the uplift results, a faster pullout rate mobilised a larger uplift resistance over a 
longer break-out displacement, even exceeding the maximum penetration resistance 
experienced. The breakout displacement is denoted as the vertical pipe displacement 
between the onset of suction mobilization and end of suction release. It also hinted that 
suction mobilization took place over a larger pipe displacement as compared to suction 
release. Subsequent studies followed this suction model closely by assuming slow 
suction mobilization and rapid suction release like Theti (2001) in Figure 2.5 and Bridge 
(2002) in Figure 2.8.  
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Noting that suction force reduced with repeated loadings, Theti (2001) assigned smaller 
suction force for fatigue loading as compared to that for quasi-static loading in the 
numerical analysis (Figure 2.5). He also suggested modelling the soil resistance in the 
vertical and lateral directions using nonlinear plastic spring elements based on bearing 
capacity theory. He assumed that the re-contact point after separation to be the point 
where compressive resistance was unloaded to zero before suction was mobilized as 
shown in Figure 2.6.  
Bridge (2002) discussed in great details the extensive large-scale testing conducted on a 
number of possible soil interaction scenarios such as rigid seabed, natural trench, 
artificially deepened trenches and backfilled trenches at Watchet Harbour as shown in 
Figure 2.3. For each soil corridor, pull up and lay down tests were conducted to examine 
the effect of slow and fast platform drift. During pull-up on the clayey seabed, strain 
gauges at the touchdown region displayed a peak sagging moment not present in the lay 
down tests in Figure 2.7. However, the bending moments for pull up and lay down tests 
for rigid seabed (seabed laid with steel sheets) were virtually identical, inferring that the 
moment peak was due to soil suction by the clayey seabed instead of hysteresis or inertia 
effects. It can be explained that as the riser top end moved upwards away from the 
clayey seabed, the suction force prevented the embedded riser from moving upwards, 
increasing local riser curvature and inducing a peak sagging moment on the riser. Once 
the suction limit of soil resistance at the strain gauge location was exceeded and 
breakout occurred, the sagging moment declined in magnitude. During lay-down, as the 
riser moved towards the seabed, suction was not activated and hence moment peak was 
absent.  Results also showed that suction force reduced with repeated loadings and pull-
up velocity had little effect on remoulded clay. The suction magnitude was dependent on 
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the amount of consolidation. When the suction was rapidly released in the midst of the 
pull-up actuation, responses of strain gauges started to oscillate terming a suction kick. 
After the pull-up actuation movement stopped, the mobilized suction force continued to 
dissipate causing the bending moment response for the pull up actuation to change until 
it reached equilibrium state where suction was completely dissipated.  
For back-analysis, an analytical pipe-soil interaction model was produced using both 
ABAQUS and ANSYS finite element codes. The pre-analysis model was updated to 
include the actual bathymetry of the test corridors obtained from site survey. Specific 
contact elements with suction modelling capabilities were developed that simulated the 
nonlinear and hysteretic force-displacement curves associated with the riser-clay 
interaction. The suction model used in back-analysis as illustrated in Figure 2.8 is highly 
nonlinear, exhibiting an initial mobilization to peak suction load followed by a plateau 
terminating in a sharp drop to zero in accordance to Willis (2001) uplift experiment. 
However, due to the difficulty in incorporating the pull-out velocity at different stages of 
the pull-up into contact analyses, the suction model in numerical analyses was fixed 
across the seabed using an averaged pull-out velocity. The plateau region represents the 
plastic straining of soil as riser moves upwards out of the trench and the sharp drop 
represents the suction release as riser rapidly breaks out from the soil. To ensure the 
same starting point for the numerical and experimental results to facilitate comparison, 
the strain gauge bending moments at the start of the harbour riser are matched to those 
of the analytical model to account for the effects of uneven seabed. In Figure 2.9, the test 
data and analytical model achieved good agreement in bending moment envelope, 
verifying the validity of the suction model. It was also concluded that a sudden vertical 
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displacement of a catenary riser at its touchdown point after a period at rest could cause 
a peak in the bending stress that propagates along the riser. 
In another industry project, Catenary Riser/Soil Interaction Model for Global Riser 
Analysis (CARISIMA), Egil (2004) conducted a series of vertical and horizontal pipe 
displacement laboratory experiments on Oslo Harbour clay to develop the riser-seabed 
interaction model. The tests were performed in two phases, phase 1(14 vertical and 17 
horizontal tests) and phase 2 (10 vertical and 6 irregular tests) after at least six weeks of 
consolidation. This extensive testing gave deeper insight into the suction behaviour. 
Figure 2.10 illustrated the uplift results for a 101.6mm-diameter pipe with slow (0.5 
mm/s), medium (10 mm/s) and fast (80 mm/s) pullout. Agreeing with Willis (2001) 
uplift experiment, both suction force and break-out displacement were dependent on 
pullout rate. Despite some similarities, the results contradicted certain aspects of 
previous suction models in Figures 2.4, 2.5 and 2.8. Unlike previous suction models, the 
upward displacement required for suction mobilisation was smaller than that for suction 
release. It was observed that with the exception of slow pullout, suction mobilization 
distance, suction plateau and release distances were generally proportional to the 
breakout displacement, Δ . Together with STRIDE JIP III experiments, the test results 
served as a basis for Bridge’s (2004) empirical suction model.   
B
Bridge (2004) developed a vertical pipe/soil interaction model for SCR analysis as 
illustrated in Figure 2.11. The maximum compressive soil resistance to pipe penetration 
was calculated using bearing capacity theory of strip foundations. The calibrated 
mobilization distances for unloading from maximum bearing resistance to zero force, 
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DΛ , and from maximum bearing resistance to suction peak were estimated as 0.025D 
and 0.1D respectively in Figure 2.12.  
The main contribution was the introduction of an empirical suction model calibrated by 
STRIDE and CARISIMA test data as shown in Figure 2.11. Prior to Bridge (2004), 
suction and break-out displacement were not quantified and only evaluated through 
back-analysis due to complexity of numerous factors that came into play. Bridge 
quantified the two important suction limits, peak suction force, Q , and break-out 
displacement, 
,S MAX
BΔ , by taking into account factors such as soil properties, cyclic effect, 
pull-out velocity and amount of consolidation. Three assumptions were necessary to 
simplify the shape of the suction curve. He assumed the displacements for suction 
mobilization, suction plateau and suction release to be proportional to breakout 
displacement as supported by Egil (2004) experiments in Figure 2.10. The breakout 
displacement was assumed to be independent of trench depth and effect of pipe peeling 
was deemed negligible. Effect of trench depth on breakout displacement is significant 
when the walls of a deep trench adhere to the pipe during pipe pullout. However, actual 
trenches wider than the pipe diameter as shown in Figure 2.1 suggest no contact between 
the trench walls and pipe during pullout and hence effect of trench depth is negligible. 
Since riser movements near the seabed are mainly vertical rather than axial, pipe peeling 
is not significant. With the two defined limits and three assumptions, all points on the 
suction model were derived as illustrated in Figure 2.11. Suction mobilization, suction 
plateau and soil release displacements were calibrated at 0.075 BΔ , 0.625 BΔ  and 0.3 BΔ  
respectively in accordance with experimental results on Watchet and Onsoy clays. 
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In comparison to previous suction models, 0.3 BΔ  for suction release displacement in 
Bridge’s suction model was already employed in Bridge (2002) suction model in Figure 
2.8 for back-analysis and fitted well for Egil (2004) uplift experiments in Figure 2.10. 
However, 0.075 BΔ for suction mobilization is more controversial since all previous 
suction models expected a larger suction mobilization displacement that was disproved 
by Egil results. The rapid suction mobilization is reasonable due to the steep gradient 
inherited from the unloading path as noted in Figure 2.10. From Figure 2.10, 
mobilization displacement based on unloading stiffness ranges from 0.032 BΔ to 
0.056 BΔ  as compared to 0.075 BΔ  in Bridge’s model. Nevertheless, it is still a good 
gauge for suction mobilization displacement. The Bridge’s suction model is less 
appropriate for slow pullout due to the absence of a suction plateau in slow pullout as 
shown in Figure 2.10. 
Despite referring to previous STRIDE JIP analyses for reference, the suction model was 
distinctly different in certain aspects. Firstly, Bridge proposed a new re-contact point 
after separation as illustrated in Figure 2.12 different from that in Theti (2001) in Figure 
2.6. After separation, the riser re-contacted the seabed at the breakout point where 
separation occurred previously. This re-contact point utilising the new soil level after 
separation sounds more logical as compared to that suggested by Theti (2001). 
Secondly, the empirical suction model followed Egil (2004) test results closely in 
displaying a smaller suction mobilization displacement as compared to suction release 
displacement. The suction model was implemented in FEM programs that possessed 
contact elements with a suction modeling capability. Despite the breakthrough, Bridge 
interaction model has its own limitations. The empirical suction model was founded on 
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experiments conducted on 2 types of clay similar to those in Gulf of Mexico and hence 
is not universally applicable. Secondly, the interaction model is incomplete as it does not 
account for the interaction behaviour of all possible scenarios. For instance, the load 
path for a riser re-penetrating the seabed from suction is not given.  
Clukey (2005) conducted experiments to investigate the pipe-soil response under 
loading conditions that caused riser fatigue. 152-mm diameter pipes were subjected to a 
series of cyclic load- and displacement-controlled experiments. Overconsolidated soil 
was used in order to replicate similarly consolidated soils and shear strengths found at 
some deepwater sites in Gulf of Mexico. The experimental results were compared with 
predictions from two different hyperbolic models, namely the Audibert model using 
initial downward loading stiffness and the Bridge model using unload-reload secant 
stiffness. In Audibert model, soil unload stiffness was calculated by assuming 
mobilization distance for unloading from maximum bearing resistance to suction peak as 
0.1D. In Bridge model, soil unload stiffness was obtained by assuming the displacement 
from maximum bearing resistance to zero force, DΛ , as 0.025D. Results showed that 
for loads dominated by compressive loads, the measured stiffness ratios were reasonably 
predicted by the Bridge model that simulated the unloading-reloading conditions. 
However, with additional and more robust loading the soil stiffness ratios decreased 
appreciably to values below what either model would predict. Soil sensitivity resulting 
in the complete soil remolding was not sufficient to explain these reductions in soil 
stiffness. It appeared that soil-water mixing, caused by a combination of dilation and 
jetting action, were the primary causes for the reduction.  
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For a displacement-controlled pipe experiment in Figure 2.13, mobilization distance for 
unloading from maximum bearing resistance to zero force, DΛ , was observed to be 
0.0175D and reasonably close to 0.025D in Bridge’s model despite using different clays. 
Pipe displacement from maximum bearing resistance to suction peak was found to be 
0.1D similar to Audibert’s model. Suction mobilization distance was greater than 
0.075ΔB. It was observed that the re-penetration stiffness from suction was equivalent to 
unloading stiffness from the backbone curve and subsequent upward displacement away 
from the soil approached the previous maximum bearing resistance. This finding will be 
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Figure 2.3 Reduced Experiment Model 
_________________________________________________________________________________ 29
 
Figure 2.4 Uplift Experimental Results (Willis 2001) 
 
















Figure 2.8 Suction model for Back-Analysis (Bridge 2002) 
 





Figure 2.10 Effect of Pull-out Velocity on Suction Behaviour (Egil 2004) 
 
Figure 2.11 Bridge Soil Model (Bridge 2004) 
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Figure 2.12 Adopted Re-contact Point after Separation (Bridge 2004) 
 
Figure 2.13 Displacement-controlled Pipe-penetration Test (Clukey 2005) 
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CHAPTER 3 METHODOLOGY 
3.1 DESCRIPTION OF PROBLEM 
Consider a slender steel catenary riser conveying fluid between the wellhead on the 
seafloor and a floating production system above seawater level as shown in Figure 1.3. 
Under self-weight, the riser sags and part of the riser length is supported by the seabed 
while the rest of the riser remains suspended in seawater of depth H or in air. In the 
dynamic offshore environment, the entire riser is susceptible to buoyancy and 
hydrodynamic loadings such as current, wave drag and inertial forces. Connected to a 
floating production system of significantly larger mass, the top end is subjected to vessel 
motions caused by hydrodynamic and wind loadings on the production system. The 
focus here is on riser-seabed interaction that affects the riser geometry and bending 
stress of the riser.  
3.2 FINITE ELEMENT MODEL 
Using finite element approach, the riser is discretised into 1-D beam elements as shown 
in Figure 3.1. Generally for a steel catenary riser, the riser length resting on seabed is 
sufficiently long such that there is no significant vertical riser movement near the bottom 
end. Hence, assuming a pinned or fixed connection for the bottom end is of little 
importance (Raman-Nair 2002). For the top riser end, a fixed connection introduces 
excessive local bending stress in the dynamic environment while a pinned connection 
would be technically more feasible. Both riser ends are assumed to be pinned. In 
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ABAQUS, the “contact-suction” elements are essentially 1-D vertical trusses pinned at 
the bottom end as illustrated in Figure 3.1.   
3.3 RISER-SEABED INTERACTION 
There are two approaches of modelling riser-seabed interaction. One approach is to 
model the seabed as a three-dimensional deformable body with a soil material model in 
contact with the riser. However, the most relevant built-in soil model in ABAQUS, Cam 
clay, is not robust enough to model suction or soil degradation characteristics due to 
insufficient research in incorporating suction for three-dimensional modelling. 
Moreover, the present Cam clay material model requires a lot of soil parameters that are 
difficult to obtain rendering 3-D modelling an unattractive option. The second and more 
popular approach is to decouple the three axes of interaction and model them separately 
using springs. To obtain the soil parameters, experiments can be carried out to calibrate 
the one-dimensional relationship for each axis of contact. Hence, suction and 
degradation characteristics observed in these one-dimensional tests can be easily 
incorporated into the interaction model.  
The seabed in contact with the riser resists riser movements in the vertical, lateral and 
axial directions. The soil exhibits mainly compressive resistance against the riser 
downward penetration. Axial resistance is a result of frictional contact as the riser 
brushes across the seabed axially. The lateral resistance consists of two components, the 
friction between the riser and soil and the passive resistance of the soil. As the main 
cause of bending fatigue of the riser due to its repetitive vertical movements, the vertical 
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interaction will be discussed here in greater detail. The lateral and axial resistance can be 
added on to the numerical model in future. 
Due to the nature of soil behaviour, actual vertical riser-seabed interaction is a complex 
issue involving suction, soil degradation and soil-water mixing. To simplify the 
problem, the effects of soil degradation and soil-water mixing are not considered here. 
The vertical riser-seabed interaction behaviour incorporating suction is nonlinear plastic 
as shown in Figure 3.2. The force-penetration behaviour is characterized by 9 distinct 
load paths of which (1)-(7) are already defined in Bridge (2004). Note that load paths 4-
6 are uni-directional. Through observations in Clukey’s results (Figure 2.13), load paths 
8 and 9 are proposed here. 
Figure 3.3 gives a more detailed description of the various load paths at different load 
path history. The bold lines represent the load path while the dotted lines represent the 
load path history. In Figure 3.3(a), before a riser comes into contact with the soil, it 
experiences zero resistance on load path 1. When a pipe first penetrates downwards into 
the soil, the load path follows the backbone curve on load path 2 until the bearing 
resistance equals the penetration force or submerged weight in this case. In Figure 
3.3(b), if the pipe on load path 2 moves upwards away from the soil, the bearing 
resistance is linearly unloaded to zero through a mobilization distance, Λ , on elastic 
load path 3 before experiencing  suction. Before bearing resistance is unloaded to zero, 
reloading will follow the same load path 3 as the unloading as illustrated in Figure 
3.3(c). 
D
Beyond elastic unloading, any subsequent upward movement away from the soil will 
cause the riser-soil interaction to switch from a compressive resistance to a tensile force 
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(3Æ4) as demonstrated in Figure 3.3(b) and 3.3(c). The tensile force preventing riser 
upward displacement is due to the adhesion developed across the riser-soil contact area. 
As the pipe continues moving upwards out of the trench, the tensile suction force 
mobilised rapidly rises from zero to peak suction force on plastic load path 4. As the 
riser moves further away from the seabed, the suction force remains at a plateau on 
plastic load path 5. This plateau region represents the plastic straining of soil. Further 
upward movements away from the seabed cause the suction force to drop from peak 
suction force to zero on plastic load path 6. This drop in suction force represents the 
suction release as the riser begins to break out from the seabed. The position of riser 
where suction force is first reduced to zero marks the breakout point where the riser 
completely loses contact with the soil in accordance to Bridge (2004). This breakout 
point indicates the new soil level after suction breakout. 
In Figure 3.3(d), re-contact occurs when the riser moves back into the trench to reach the 
new depressed soil level or breakout point. With reference to Figure 2.12, re-penetration 
can be approximated by a linear elastic load path 9 linking to the previous maximum 
bearing resistance also known as the compression peak on the backbone curve. Beyond 
the compression peak, further riser penetration follows the backbone curve on load path 
2.  
The interaction model described so far is derived from Bridge model in Figure 2.11. For 
a comprehensive model denoting riser-soil interaction, two unique load paths have to 
exist at any point along the load path to account for both upward and downward 
displacement of the riser pipe. However, for a riser experiencing suction to suddenly 
move downwards and re-penetrate the soil, the load path is not accounted for in Bridge’s 
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model or existing literature. Hence, two additional load paths 8 and 9 are proposed to 
characterise re-penetration behaviour from suction as illustrated in Figure 3.3(e).    
Through observations in Figure 2.13, re-penetration stiffness from suction on load path 8 
in Figure 3.3(e) is assumed to be equivalent to the unloading stiffness on load path 3. 
The steep stiffness means a small upward displacement from any of the suction load 
paths 4-6 can dissipate the mobilised suction quickly. Further re-penetration after zero 
suction is assumed to be a linear elastic load path 9 leading to the previous maximum 
bearing resistance on the backbone curve. It can be explained that the stiffness of load 
path 9 is smaller than that of load path 3 for unloading since the soil beneath the riser is 
more compressible after experiencing suction. Note that load paths 8 and 9 from load 
path 5 in Figure 3.3(e) can be extended to re-penetration from load paths 4 and 6 as well 
as shown in Figure 3.2.   
With the addition of load paths 8 and 9, the same issue is raised again concerning the 
completeness of the interaction model. To ensure the comprehensiveness of the 
interaction model, two unique load paths for any points along load paths 8 and 9 has to 
be defined. As pointed out in Figure 3.3(f), unloading from load path 8 is assumed to be 
elastic as the pipe will follow the suction model (8Æ5Æ6Æ7).  In Figure 3.3(g), for 
unloading from elastic load path 9, it is assumed that the pipe will not experience suction 
(9Æ7). Note that the interception point of load path 8 and the x-axis is also the re-
contact point or new soil level. For penetration less than the re-contact point, the riser 
will experience zero contact and hence zero force. Since suction will raise the soil level, 
it is reasonable that the level of the re-contact point after separation is higher than that 
for re-penetration from suction. Similarly for Figure 3.13(h), the pipe after losing contact 
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will only experience bearing resistance if penetration depth is greater than the re-contact 
point (7Æ9Æ2). Note that while the load paths in Figure 3.3(f) are supported by 
experimental results in Figure 2.13, those in Figure 3.3(g)-(h) are assumed to ensure that 
load paths for upward displacement or downward penetration into seabed are defined at 
any point along any load paths.  
3.3.1 Backbone Curve 
The backbone curve dictates the bearing resistance of the soil per unit length due to pipe 
penetration. According to bearing capacity Eqs. (3.1) and (3.2), the ultimate bearing load 
per unit length of pipe,Q , can be obtained in terms of ultimate bearing pressure, q , 
and the bearing width of the riser pipe, 
U U
B (Das 1993).  
U UQ q= B
P
        (3.1) 
U C Uq N S zγ= +        (3.2) 
where γ  refers to the submerged unit weight of soil. Since the overburden pressure for 
riser is zero, the second term in Eq. (3.2) can be ignored. The undrained shear strength 
of the clayey seabed, S , is assumed to increase linearly with depth,U Pz
P
, in Eq. (3.3). 
U UO UGS S S z= +        (3.3) 
If the pipe penetration depth is greater that half of the external pipe diameter, the bearing 
width of the pipe, B , is taken to be equal to the pipe diameter. Otherwise, according to 
Figure 3.4, the bearing width of the pipe is calculated according to Eq. (3.4). 
22 P PB Dz z= −        (3.4) 
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Using Skempton’s method (1951), the non-dimensional shape and depth factor, , is 
calculated from Eq. (3.5).  
CN
5.14 1 0.23 ,7.5PC
zN Min
B




    (3.5) 
3.3.2 Suction Model 
For the suction behaviour, Bridge’s suction model based on experimental data observed 
during STRIDE JIP and CARISIMA is adopted here as illustrated in Figure 3.2. Three 
assumptions are made for the suction model. Breakout displacement, , is assumed to 
be independent of trench depth, . Both the suction mobilization distance and plateau 
distance are assumed proportional to the breakout displacement. The effect of pipe 
peeling is assumed negligible. As mentioned in Chapter 2.4, these assumptions are 
reasonable. The Bridge’s suction model has two defined limits, the maximum uplift 
resistance, , and the breakout displacement, 
B
T
,S MAXQ BΔ .  
Maximum suction resistance, , is estimated using Bridge’s formulation given in 
Eqs. (3.6) to (3.8) where k , k  and  refers to the cyclic load, pull-out velocity and 
time consolidation factors respectively. Although rate-dependency of soil is not directly 
accounted for, the empirical velocity factors derived from experiments should contribute 
to a certain degree of rate-dependency. The maximum suction force is dependent on the 
type of loading, pullout velocity, maximum bearing stress experienced and amount of 
consolidation taken place. For extreme storm and first order fatigue motion, repeated 




dynamic TDP motions. Hence, the remoulded undrained shear strength is being used 
with the consolidation time and cyclic load factors set to 1.0 and 0.56 respectively. For 
slow drift motion, the disturbed strength can be used with cyclic load factor of 1.0.  













= F+       (3.8) 
The breakout displacement, BΔ ,  is estimated using Eqs. (3.9) to (3.11) where DVk  and 
DTk
D
 are empirical factors for pull-out velocity and time consolidation respectively. 
B DV DTk kΔ = × ×        (3.9) 
Dn







= + F       (3.11) 
It should be noted that this empirical suction model is calibrated using experimental data 
and the use of this suction model for any other type of clay other than the experimental 
soils requires further calibration.  The empirical factors for the experimental clays and 
load cases are given in Tables 3.1 and 3.2 respectively. Based on the stated assumptions 
and the two defined limits, Q and ,S MAX BΔ , all other points on the suction model are 
derived as shown in Figure 3.2. 
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Table 3.1   Empirical Factors for Suction Model
 Onsoy Clay Watchet Clay 
Fk  1.12 0.98 
Fn  0.18 0.21 
Dk  0.98 0.83 
Dn  0.26 0.19 
TFk  0.00033 
TFC  0.9 
DTFk  0.0009 
DTFC  0.8 
Λ  0.025 
Table 3.2   Shear Strength and Cyclic Loading Factors




Slow Drift Undisturbed 1.00 
Extreme Storm Remoulded 0.56 
First Order Fatigue Remoulded 0.56 
 
3.4 RISER-SEABED MODELLING 
The vertical riser-seabed interaction behaviour in Figure 3.2 is modelled using 1-D 
vertical trusses acting as “contact-suction” elements as shown in Figure 3.1. Trusses are 
used instead of springs as the present capability of springs in ABAQUS is limited to 
elastic behaviour and cannot model unloading or suction. The advantage of using trusses 
is that the force-penetration behaviour can be user-defined in ABAQUS to incorporate 
suction or even degradation behaviour. To approximate seabed contact as distributed 
loading, sufficient number of trusses has to be used to achieve high numerical accuracy. 
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The arbitrary truss area is chosen as the product of length of beam element on seabed, 
, and pipe diameter, D . Spatial parameters for each truss such as the initial 
position, seabed level and soil strength can be calculated in Fortran pre-processor and 
input into the FEM software ABAQUS. Hence, the model can accommodate any 
arbitrary initial riser configuration, seabed profile or spatially non-uniform soil 
properties. To illustrate its capability, an inclined seabed with an initial arbitrary riser 
configuration is shown in Figure 3.1. The top end of each truss of length  is attached 
to a riser node at level l  while the bottom truss end is pinned at an arbitrary level l  
very deep into the seabed. The gap, G, represents the initial position of the riser node, 
, above the seabed level, l . The truss length, L , and gap, G, are evaluated in 








          (3.12) T RL l l= −
         (3.13) R SEABEDG l l= −
The displacement of truss top end, w , is related to the penetration of the seabed, Pz , and 
gap between the riser node and the seabed, G, through Eq. (3.14). 
          (3.14) Pw z G= − −
Figure 3.5 shows the force-displacement behaviour for the riser-seabed truss element. 
The truss will not experience penetration resistance until the downward displacement of 
the riser node is greater than G. The force-displacement is translated into stress-strain 
behaviour in Figure 3.6 to be incorporated into the material model for the truss and two 
assumptions have to be made. Horizontal displacements of the riser nodes do not cause a 
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significant change in truss strain and nonlinear strain components are negligible. 
Engineering stress and nominal strain for the truss are employed in Eqs. (3.15) and 
(3.16) respectively in terms of the truss’s area, A, and length, . For both assumptions 
to work, the truss has to be very long such that horizontal displacements of the riser 
nodes do not cause significant horizontal strain and the nonlinear strain components are 


























Figure 3.1 FEM Model 
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Figure 3.2 Interaction Model including Suction 
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Figure 3.3 Load Paths at Different Stages of Interaction 
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Figure 3.3 Load Paths at Different Stages of Interaction 
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Figure 3.4 Bearing Width of Riser Pipe on Flat Seabed 
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Figure 3.6 Stress-strain Relationship 
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CHAPTER 4 NUMERICAL VERIFICATION 
The purpose of this chapter is to validate the numerical model by comparing results of 
numerical quasi-static analyses against those from existing laboratory and large-scale 
experiments. In the former case as an illustration of riser-seabed contact behaviour, a 
horizontal pipe laid onto offshore Onsoy clay is pulled out vertically at constant velocity 
in laboratory testing. In the latter, the top end of a 110m long riser resting on a real 
seabed is subjected to controlled vertical displacements to simulate actual pull-up and 
lay-down motions of the riser.  To illustrate the numerical implementation of the 
proposed load paths in Chapter 3.2, the top end of the riser is subjected to sinusoidal 
vertical motion to simulate the storm wave heave motion about the nominal position. 
4.1 UPLIFT EXPERIMENT 
This small-scale pipe uplift experiment focuses solely on the riser-seabed interaction 
behaviour during penetration and breakout. The comparison between the pipe uplift 
experiment and the numerical riser-seabed truss helps to validate the applicability of the 
riser-seabed interaction model to actual pipe-soil interaction. As part of the CARISIMA 
programme mentioned in Egil (2004), the apparatus setup for the pipe liftup experiment 
is shown in Figure 4.1.  
4.1.1 Experimental Procedure 
In the experimental preparation, 500mm deep offshore Onsoy Clay in steel bins is left to 
consolidate under dead weight for at least 6 weeks. After consolidation, the undrained 
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shear strength of the clay at the top was about 1.5kPa with an undrained shear strength 
gradient of 12.5kPa/m. The clay had a sensitivity of 3.4 and a plasticity index of about 
30%. In an attempt to simulate critical conditions similar to the Ultimate Limit State 
(ULS), the following test procedure is carried out using a horizontal 0.1016 m pipe 4-
diameter long as illustrated in Figure 4.2. 
(1) Push the pipe down in displacement mode to a prescribed depth of 50 mm. 
(2) Let the pipe consolidate under prescribed contact load of 100 N for approximately 12 
hours. 
(3) Subject the pipe to 100 load-controlled cycles alternating between prescribed load 
and zero contact force. 
(4) Allow the pipe to rest for 10 minutes under contact load of 100 N. 
(5) Pull out the pipe vertically at prescribed velocity while recording the suction        
resistance with the load cell. 
4.1.2 Numerical Model 
To model the experiment numerically, riser-seabed interaction can be represented by a 
row of riser-seabed trusses along the pipe in contact in Figure 4.2. Noting that the 
stiffness of the pipe is several orders larger than the clay and the pipe is short, it is safe 
to assume that bending of the pipe due to clay resistance is negligible and forced vertical 
displacement at the centre of the riser pipe is the same as those at the ends.  
With uniform forced displacement and riser-clay interaction along the pipe, the 
numerical model can be simplified to a riser-seabed truss as shown in Figure 4.3 where 
the top truss end is displacement-controlled to simulate penetration and pull-out by a 
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series of static steps. In the first step, the top end is displaced downwards to -50 mm 
vertically. For the subsequent steps, the top end displacement is selected such that the 
contact force alternates between 0 N and 100 N to simulate cyclic compressive loads. In 
the last step, the top end is displaced vertically upwards to +10 mm to illustrate complete 
suction pullout. The bottom end is pinned to an imaginary point vertically below the top 
end.  
4.1.3 Verification of Numerical Results 
The numerical results are plotted against experimental results in Figure 4.4. The 
experimental results were previously tabulated in dimensionless form to ensure 
generalization of results for varying shear strengths and pipe diameters used. Hence, the 
dimensionless parameters are presented here for comparison purposes rather than to 
show the independency of interaction behaviour upon seabed properties. The riser-
seabed interaction behaviour is dependent on soil properties as discussed in the 
parametric studies in Chapter 5.1.  
For initial riser penetration into the soil, Figure 4.4 indicated the suitability of the 
bearing capacity theory for initial penetration. Despite the repeated cyclic loadings 
between contact load of 100 N and zero contact force, the experimental results do not 
register significant cyclic-induced plastic deformations after 100 cycles. It can be 
inferred that if suction is not activated in actual soil, unloading is elastic and soil 
degradation is minimal. This finding agrees with Clukey (2005) where soils subjected to 
predominantly compressive cyclic loading do not experience significant stiffness 
degradation. The elastic unloading in the interaction model prior to suction is validated.         
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The numerical results using the Bridge’s model mark a smaller suction force and 
breakout displacement for the Bridge’s model as compared to those in the experiments. 
One possible reason might be end effects. For a short pipe modelled using a riser-seabed 
spring, the riser experiences larger resistance due to end effects and hence yields a larger 
suction force and break-out displacement. Nevertheless, the numerical and experimental 
results are reasonably close. From Figure 4.4, it can be observed that both suction force 
and breakout displacement are heavily dependent on pullout velocity.   
From this analysis, elastic unloading for load path 3 is verified. The successfully 
implemented Bridge interaction model for the riser-seabed truss predicts the actual riser-
seabed response reasonably well validating load paths 2-7. The influence of pull-out 
velocity on suction force and breakout displacement is highlighted here. Hence for large-
scale risers where different segments of the riser experiences varying pull-out velocities, 
a good riser-seabed interaction model should always incorporate pull-out velocity 
numerically into the calculation of suction behaviour. 
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4.2 LARGE-SCALE EXPERIMENT 
As mentioned in Chapter 2.4, this large-scale experiment in Figure 2.3 was conducted at 
Watchet Harbour to analyse the influence of seabed interaction on catenary riser 
response (Bridge 2002). The harbour location was selected based on its proximity in soil 
properties to a deepwater Gulf of Mexico seabed. The harbour seabed consisted of soft 
clay with a naturally consolidated shear strength gradient below the mudline. Other 
geotechnical parameters are given in Table 4.1. Sea current velocity in the test area 
during tidal changes was almost negligible.  
Table 4.1   Geotechnical Properties of Harbour Seabed
Undisturbed shear strength at soil surface, 1.80 kPa 
Shear strength gradient,  UGS 2.55 kPa/m 
Sensitivity of clay at 1D 3.3 
Coefficient of consolidation, cv at 1D depth 0.5m2/year 
 
4.2.1 Experimental Setup 
Experimental details such as span and height of the riser were mainly obtained from a 
STRIDE JIP III talk presented by 2H Offshore company and organized by Society for 
Underwater Technology (SUT). The company was in charge of the large-scale 
experiment testing. For the large-scale experimental setup, the top riser end was attached 
to the actuator via an adjustable cable in Figures 4.5 and 4.6 and tied to one of the 
connection points of the anchor embedded into the seabed in Figure 4.7. The actuator 
unit comprised of a heavy-duty frame with a 3-m linear ball screw driven from one end 
by a motor with displacement feedback control via PLC. In the vertical direction, linear 
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ramp and sinusoidal motions of different amplitudes and frequencies at the actuator 
simulated vessel drift and frequent dynamic motions of the riser. The actuator positions 
of -0.8m, 0.0m and 1.4m identified the riser in the near, nominal and far positions 
respectively in Figure 4.5. The actuator frame was designed to move on a set of 10 m 
long rails to model transverse excursion of the vessel and transverse pulling of the pipe 
from the trench. The rails and the five anchor points allowed the riser to be laid across 
several parallel virgin test corridors for testing. The five test corridors used included an 
initial trench, an open trench, an artificially deepened trench, a backfilled trench and a 
rigid seabed respectively.  
For instrumentation purposes as shown in Figure 2.3, a tri-axial accelerometer unit was 
mounted just above the nominal TDP. To record vertical and horizontal strains of the 
riser pipe during actuation, full bridge strain gauges were welded at 13 axial positions A-
M along the riser across the dynamic TDP area. Tension load cells were incorporated at 
both ends of the cable and strain gauges welded at the connection between the pipe and 
actuator to measure shear force. 
4.2.2 Experimental Procedure 
Prior to testing in each corridor, the riser top tension was set to 56.5 kN to ensure the 
tautness of the riser throughout the experiment. The nominal position of the riser was 
adjusted by varying the cable length until top tension reached 56.5N although water 
level during the tension adjustment was not given. For each test corridor except the 
initial trench, a series of tests were conducted to examine the effects of slow drift (pull 
up and lay down tests) and dynamic motions (frequently occurring and second order 
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motions). The pull up motion whereby the actuator travelled from -0.8m (near position) 
to 1.4m (far position) and lay down motion simulated slow drift during failure of 
mooring system.  
The test for comparison with the numerical model is 2-10 and 2-11 where the first 
number refers to the test corridor and the latter refers to the test number conducted on 
respective test corridor. Prior to 2-10 and 2-11, 3 series of repeated pull-up lay-down 
tests and 1 set of vertical sinusoidal motions at both near and nominal positions were 
conducted. The consequences of these prior tests were the loss in soil strength due to 
remoulding of clay and formation of a 0.5-diameter deep trench. The soil profile also 
changed with deeper trenches at the near and nominal positions which underwent 
dynamic riser movements. The parameters for this test are given in Table 4.2 (Bridge 
2002, Egil 2004, 2H Offshore 2000). 
Table 4.2   Parameters for Test Setup
Pipe outer diameter 0.1683 m 
Wall thickness 6.9 mm 
Length of pipe 110 m 
Pipe weight (water filled) 460 N/m 
Length of cable 3.675 m 
Water level 2 - 2.5 m 
Consolidation time 72 hrs 
Span 112.625 m 
Nominal position above anchor 9.904 m 
Trench Depth 0.5 pipe diameter 
 
Before the test, the riser initially rested on the open trench and remained at the actuator 
position of -0.8 m (near position) for 72 hours to consolidate the clay underneath the 
riser. During pull-up (Test 2-10), the actuated end travelled upwards to an actuator 
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position of 1.4 m (far position) as shown in Figure 4.5. In the lay-down test 2-11, the 
actuated end moved from 1.4 m back to -0.8 m. Both tests were carried out with an 
actuator speed of 0.1 m/s to simulate slow drift. The actuation was slow enough for 
quasi-static analysis to be applicable. 
4.2.3 Numerical Model 
In the numerical model, the riser was modelled as two beam segments supported by a 
riser-seabed truss at each beam node with both riser ends pinned as shown in Figure 3.1. 
The 110 m beam segment modelling the pipe was pinned to the 3.675 m beam segment 
representing the adjustable cable. Details of the numerical model are given in Table 4.3. 
Table 4.3   Parameters for Numerical Model
Cable diameter 50mm 
Length of seabed spring 100 m 
Number of elements for pipe 1000 
Number of elements for cable  35 
 
Due to the existence of a 0.5-diameter trench, the formulation in chapter 3 has to be 
improvised to accommodate the cross-sectional profile of the trench. The undrained 
shear strength at the bottom of the trench was selected as the undrained shear strength at 
the surface, , while the undrained shear gradient remained the same. The trench was 
assumed to be 2.5-diameters wide as drawn according to scale in Figure 4.8. Instead of 
Eq. (3.4), the bearing width of the pipe, 
UOS
B , is calculated according to Eqs. (4.1) and 







r r z r r
r r z
δ ⎡ ⎤⎛ ⎞−= − −⎢⎜ ⎟− +⎝ ⎠⎣ ⎦
+ ⎥       (4.1) 
2 22 ,B Min r x D⎡= −⎣ ⎤⎦        (4.2) 
To account for the increased gap caused by trench of depth , the truss displacement 
, is modified in Eq. (4.3).  
TD
w
  P Tw z G D= − − −        (4.3) 
To compare against actual riser bending moments, the initial riser configuration is 
assumed to be horizontal to obtain true bending values instead of incremental ones. 
However, assuming a straight initial configuration for a catenary riser has convergence 
difficulties even under solely self-weight. To solve the convergence problems caused by 
a light and flexible riser, the riser is loaded to an arbitrarily larger self-weight during the 
1st static step. In the 2nd analysis step, the top end of the riser is displaced from the 
seabed to its actual height and span away from the anchor. The distributed loading on 
the riser is then restored back to its original self-weight with the action of buoyancy 
forces on the partially submerged riser in the 3rd static step. To simulate pull-up and lay-
down actuations respectively, the top riser end is displaced to actuator position of +1.4m 
during the 4th static step and restored back to the actuator position of -0.8m during the 5th 
static step.  
Another obstacle in the numerical analysis involves the input of the uneven seabed 
profile and other unique spatial parameters of riser-seabed interaction. For an uneven 
seabed, the gap G between the riser initial configuration and the seabed level is spatially 
dependent as illustrated in Figure 3.1. The gap G for each truss is required to describe 
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the interaction behaviour in Figure 3.5. However, the user-defined material model in 
ABAQUS, UMAT, only allows a limited range of input parameters. To input the 
parameter G into stress-strain calculation for every truss, the spatially dependent gap is 
first calculated in a FORTRAN program and then stored in an input file to be read by the 
user-defined material model UMAT. Source code for UMAT is shown in Appendix A.  
As highlighted in Chapter 4.1, the pull-out velocity affects the suction behaviour 
significantly. During pullup, every point along the riser experiences a unique pull-out 
velocity and hence a distinct suction behaviour. However, no numerical riser model 
incorporating the velocity-dependent Bridge suction model has been published before. 
Even for the back-analysis for Bridge (2002) experiment, a fixed suction model for all 
points along the riser was employed as shown in Figure 2.8, neglecting the influence of 
pull-out velocity on suction behaviour along the riser. One of the key contributions here 
is the incorporation of riser pullout velocity in suction calculations. In the numerical 
analysis, the pull-out velocity V is updated according to Eq. (4.4) at every riser-seabed 
truss at each time-step during unloading along load path 3 prior to suction.  The updated 
pullout velocity V is then utilized to calculate the empirical pullout velocity factors for 
the suction model in Eqs. (3.7) and (3.10).  





ε ε−= Δ        (4.4) 
4.2.4 Verification of Numerical Results 
For verification against the experimental results, the criterion for comparison is the 
bending moment along the pipe during pull-up where suction is activated and during lay-
down without suction. When the riser lifted off the seabed during the pull-up test, 
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suction was activated. Hence, the pull-up test investigated the influence of suction and 
examined the accuracy of Bridge’s model in predicting the suction behaviour. The lay-
down test examined the reloading behaviour of riser-seabed interaction after separation.  
For comparison, the numerical bending moment had to match the experimental bending 
moment at the starting actuator position of -0.8m. The seabed profile in the numerical 
analysis was crucial in obtaining an acceptable match of initial bending moments in the 
riser pipe. As the seabed profile was not given, the seafloor profile was estimated from 
one of the graphs presented in the SUT Talk (2H Offshore 2000). To facilitate 
comparison, the locations of the strain gauges on the pipe were also estimated from one 
of the graphs (2H Offshore 2000) and tabulated in Table 4.4. 
Table 4.4   Strain Gauge Axial Positions








The initial bending moments incorporating the measured seabed profile did not yield a 
close match to the experimental results. Hence, the seabed profile in the numerical 
model was fine-tuned to achieve a better fit in initial bending moment across the pipe. 
The initial experimental bending moment for strain gauges were adjusted to fit the initial 
numerical values. For the numerical analysis, two different sets of tests were carried out, 
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namely one using Bridge’s suction model and the other without suction. The purpose of 
implementing the test without suction was to compare and analyse the influence of 
suction.  The numerical runs for the model without suction were carried out by setting 
suction force, , and breakout displacement, ,S MAXQ BΔ , to zero. The riser profiles during 
the pull-up and lay-down actuations were depicted in Figure 4.9(a) and (b) respectively 
from black to light grey lines at different actuator positions 0f -0.8m, -0.5m, 0.0m, 
+0.5m, +1.0m and +1.4m. The numerical results without considering suction were 
marked by dashed lines.  
Figure 4.10(a) showed the initial bending moment across the riser pipe at the start of 
pull-up test at actuator position of -0.8 m. The existence of two hogging moment peaks 
is an indication of seabed unevenness. The riser segment under the action of soil 
penetration resistance generally experienced hogging moment while the rest of the riser 
suspended under submerged self-weight and the riser near the touchdown point 
displayed sagging moments. During lift-up in Figures 4.10(a)-(b), the point of zero 
moment moved towards the anchor end indicating that pipe length in contact with 
seabed decreased during pull-up. Consequences of the lift-up actuation were a higher top 
tension due to longer suspended length and a smaller sagging moment for the suspended 
pipe. Conversely in Figure 4.11(c)-(d), we can deduce from the movement of the point 
of zero moment away from the anchor end that the span of pipe supported by the seabed 
increased during lay-down. The experimental and numerical results with suction at 
different stages of the actuation matched well in Figure 4.10 and 4.11. 
In Figure 4.10(b) during lift-up, the numerical results with suction captured a sagging 
moment peak near the touchdown point which the numerical data without suction failed 
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to portray. During lift-up, the riser resting on the seabed moves upwards out of the 
seabed, inducing soil suction to hold on to the riser. If the suction force is sufficiently 
strong to resist the riser upward movement, the riser remains embedded in the seabed. 
Caught in between the riser segment embedded in the seabed and the inclined suspended 
riser moving upwards after soil separation, the riser is bent with sharp curvatures over a 
small touchdown region, giving rise to a spatial sagging moment peak. For the model 
without suction, the riser profile is more gradual across the seabed without the buildup 
of high bending stresses caused by suction and the spatial sagging moment peak is not as 
obvious as that of a model with suction.  
Note that there is a slight disparity in experimental bending values at the end of the pull-
up and start of the lay-down actuations. This is due to the dissipation of suction force 
during the interval prior to the lay-down actuation. However in the numerical analyses, 
the suction effect was not modelled and the pull-up and lay-down tests were simulated 
as two consecutive actuations. As this change in bending values during the interval due 
to suction release was not accounted for, numerical results of the subsequent lay-down 
test and the experimental values showed slight variation. During the lay-down actuation, 
reloading behaviour for both numerical models was rather similar without the activation 
of suction. Therefore, the results with and without suction in Figure 4.11 were 
comparable. During the reverse lay-down actuation whereby suction was not mobilised, 
no sagging moment peak in the touchdown region was observed.  
The bending moment envelopes for the test data and the numerical results with and 
without suction were plotted out in Figure 4.11. It can be observed that the bending 
moment envelopes for pull-up test are larger than those for the lay-down test for both the 
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experiment and the model with suction. The numerical results incorporating suction 
gave a good estimate of the true experimental bending moment envelope, validating the 
numerical model. Conversely, the model without suction showed almost identical 
envelopes for both actuations.  Without suction, the unloading and reloading load paths 
are the same and the envelope underestimated the true extreme bending values for the 
pull-up test. Figure 4.12 showed the inadequacy of a model without suction in modelling 
true riser-seabed interaction with the failure in capturing critical bending moments along 
the touchdown area.  
The influence of suction on bending moment is more aptly illustrated in Figure 4.13 
where bending moments of riser at 6 different strain gauge locations are plotted out. The 
riser at two of the strain gauge locations namely D and F originally rested on the seabed 
and experienced suction followed by soil separation during the lift-up before re-
contacting the seabed during the lay-down. In Figures 4.13(b)-(c), the almost flat slope 
at the beginning of the pull-up represented the undisturbed riser-seabed contact similar 
to a static pipeline supported by the seabed. During the pull-up, the model without 
suction noted an almost monotonic drop in bending moment while the one including 
suction recorded sagging moment peaks similar to the experimental results. The drop in 
bending moment is partly the result of the touchdown point approaching the strain gauge 
location during pull-up. The undisturbed riser resting on the seabed with minimal 
movement resembles a static horizontal pipeline problem where bending stresses are 
insignificant. The touchdown point approaching the undisturbed riser resting on the 
seabed leads to increased bending curvatures and sagging moments.  Under the action of 
suction at the touchdown region, the fall in bending values is amplified causing sagging 
moment peaks in Figures 4.12(b)-(c). However, suction is not the only cause of sagging 
_________________________________________________________________________________ 64
moment peaks. Sufficiently long suspended riser may also cause moment peaks in the 
touchdown region during lift-up without soil suction. Since the numerical results without 
suction does not display a defined sagging moment peak, this implies that the moment 
peak was caused by suction in this case. Even the numerical model with suction 
underestimated the moment peak, implying that the true suction impact is 
underestimated in the numerical tests. This underestimation may be due to the Bridge’s 
suction model or the inaccuracy of the seabed profile which results in a smaller 
penetration force. Nevertheless, the numerical and test results give rather reasonable 
agreement. On the other hand, the model without suction failed to capture the sagging 
moments in Figure 4.13(b)-(c). Hence, any numerical model ignoring suction will fail to 
display the true behaviour of riser-seabed interaction and riser.  
Figure 4.14 revealed more clues about the cause of the moment peaks. From Figures 
4.12 (b)-(c), the moment peaks at strain gauge locations D and F occurred at actuator 
positions of 0.6 m and 0.8 m respectively. During the pull-up in Figure 4.14(a), the 
strain of the riser-seabed trusses were characterised by slow strain rate at the start and 
fast strain rate in the second part. At the instance of the moment peaks, the trusses were 
about to embark on fast strain rate or huge upward displacement. The riser segment on 
the side of the anchor was experiencing slow strain rate being restricted by soil suction 
while the riser segment on the actuator side was moving upwards rapidly, thereby 
causing the sagging moment peak.  Comparatively, the results without suction showed a 
more gradual change in slope explaining the absence of spatial moment peaks.  
The stresses of the trusses at strain gauge locations during the actuation were plotted out 
in Figure 4.14(b). At the time instant of their respective moment peaks, the trusses were 
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experiencing the end of the suction plateau. Again, it is logical that the moment peak 
occurred at a time when the suction forces of the trusses on the actuator side were 
dropping drastically enabling large vertical riser movements while pipe movements on 
the anchor side was severely restricted by the maximum suction force. The stress-strain 
relationship of the riser-seabed trusses were drawn in Figures 4.14(c) and (d). It helped 
to explain the difference between the suction and without suction models as well as 
highlight the magnitude of suction neglected in the model without suction. Secondly, the 
figures also illustrated the load history-dependent behaviour of the riser-seabed 
interaction. Even without suction, the riser-seabed trusses will not return to the previous 
stress-strain state prior to the actuation. This helped to clarify the different bending 
moments obtained at the beginning and end of the actuation for the numerical model 
without suction.  
Through the comparison of numerical and experimental results, the Bridge’s model is 
reasonably accurate in prediction of suction behaviour of Watchet clay. It can also be 
deduced that suction caused extreme sagging moment at the touchdown region during 
pull-up and existing interaction models ignoring suction are grossly underestimating the 
riser bending fatigue. Notice that the proposed load paths in Figures 3.3(e)-(h) has not 
been sufficiently tested here. In the next section, a case of top riser end subjected to 
vertical cyclic motion will be studied to illustrate the applicability and successful 
numerical implementation of the proposed load paths. 
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4.3 TOP RISER END SUBJECTED TO VERTICAL CYCLIC MOTION 
To substantiate the inclusion of proposed load paths in Chapter 3.2, the case of the top 
riser end subjected to vertical sinusoidal motion to simulate heave storm wave motion is 
investigated here (Bridge 2002). As illustrated in Figure 4.15, the top riser end is 
subjected to 5 cycles of pull-ups and lay-down tests. To simplify the numerical test, a 
flat seabed with ½ pipe diameter deep trench and undrained shear strength typical of 
Gulf of Mexico soils in Figure 5.2 are assumed. Unlike in Chapter 4.2, the riser is fully 
submerged in water as found in typical deepwater developments. The numerical 
parameters are stated in Table 4.5. The case is numerically implemented using static 
analysis. The stress-strain relationships of seabed trusses at 5 test locations, namely P, Q, 
R, S and T at the touchdown zone shown in Figure 4.16 are examined. The stress-strain 
histories of these test locations are plotted out in Figures 4.17 - 4.21.  
Table 4.5   Test Parameters for Parametric Study
Span 112.675 m 
Height 9.904 m 
Length of pipe 113.675 m 
Outer pipe diameter 182.1 mm 
Wall thickness 13.8 mm 
Pipe weight (water filled) 740 N/m 
 
Figure 4.17 illustrates the stress-strain path of test location P during each cycle of top 
end motion. There is minimal riser movement at P such that riser-seabed truss at P only 
alternates between load path 2 and 3 and does not experience suction at all.  
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In Figures 4.18 - 4.20, seabed trusses at Q, R and S experiences suction without suction 
breakout during the cyclic motion. Seabed trusses at Q, R and S re-penetrates the soil 
from load path 4, 5, and 6 respectively during subsequent lay-downs. This observation 
confirmed the possibility of riser re-penetrating the seabed prior to suction breakout in 
typical riser scenarios. The riser displacements for the span between Q and S due to 
cyclic motions are not sufficient to induce suction breakout. Although a huge riser span 
experiences re-penetration from suction, the Bridge interaction model fails to describe 
the re-penetration behaviour from suction. Hence, the load paths 8 and 9 proposed in 
Chapter 3 are essential to describe riser-seabed interaction behaviour during cyclic 
motions where suction breakout may not always occur. The validity of proposed load 
paths in Figure 3.3(e) is supported by the stress-strain path in Figure 4.19(c) which 
resembles Clukey test results in Figure 2.13 qualitatively. The load paths in Figure 
3.3(g)-(h) are successfully implemented as shown in Figures 2.19(e) and 2.20(e). To 
conclude, the load paths proposed are added to ensure the comprehensiveness of the 
interaction model to describe any arbitrary riser-seabed displacement profile especially 
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Figure 4.1 Setup for Uplift Experiment (Egil 2004) 
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Figure 4.4 Experimental and Numerical Results of Uplift Test 
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Figure 4.5 Actuator Unit (Bridge 2002) 
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Figure 4.7 Plan View of Anchor Arrangement (2H Offshore 2000) 
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Figure 4.8 Bearing Width for Trench 
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Figure 4.9(a) Riser Profile during Pull-up 
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Figure 4.9(b) Riser Profile during Lay-down 
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Figure 4.10 Bending Moment across riser during Pull-up   
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Figure 4.11 Bending Moment across riser during Lay-down 
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Figure 4.12  Comparison of Bending Moment Envelopes 
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Figure 4.13(a) Comparison of Bending Moment for Strain Gauge A 
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D(expt) D(suction) D(no suction)  
Figure 4.13(b)  Comparison of Bending Moment for Strain Gauge D 




















F(expt) F(suction) F(no suction)
 
Figure 4.13(c)  Comparison of Bending Moment for Strain Gauge F 
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Figure 4.13(d)  Comparison of Bending Moment for Strain Gauge J 
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Figure 4.13(e)  Comparison of Bending Moment for Strain Gauge K 
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Figure 4.14(a) Truss Strains at D and F during Actuation 






















D(suction) F(suction) D(no suction) F(no suction) startpoint endpoint
 
Figure 4.14(b)  Truss Stresses at D and F during Actuation 
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Figure 4.14(c)  Stress-strain Relationship of riser-seabed truss at D 
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Figure 4.15 Actuated Cyclic Motion of Top Riser End 
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Figure 4.21(e) Fifth Actuation Cycle for T 
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CHAPTER 5 PARAMETRIC STUDIES 
As discussed in Chapter 2.4, the bending fatigue of the riser is known to be dependent 
on the stiffness of the soil and the touchdown geometry. In this chapter, the effect of 
seabed stiffness and touchdown geometry will be studied. For the parametric studies, the 
bending moment envelope for the pull-up and lay-down test is used as the criterion for 
comparison. A predominantly hogging or sagging moment envelope is beneficial to riser 
fatigue life. The most critical moment envelope encompasses both hogging and sagging 
moment peaks leading to riser bending fatigue. The parameters from Table 4.5 will be 
used here. The riser will be fully submerged in water. The touchdown geometry is 
assumed to be composed of two profiles in Figure 5.1. Profiles 1 and 2 are mapped using 
cubic and quadratic equations respectively. The cross-sectional soil profile is assumed to 
be flat. 
5.1 EFFECT OF SOIL STIFFNESS 
The seabed stiffness affects the magnitude of bending stresses at the touchdown region, 
thereby influencing the riser life expectancy. Using Eqs. (3.1) and (3.2), the effect of 
seabed stiffness is investigated by varying the undrained shear strength. The lower 
bound, typical range and upper bound of Gulf of Mexico soils are employed as shown in 
Table 5.1 (2H Offshore 2000). Noting that the uppermost layer of soil is often 
remoulded due to harsh environmental conditions, sensitivity of the soils is kept at 3. 
The remoulded soil strengths are used in the numerical analyses. 
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Table 5.1   Undrained Shear Strength for Gulf of Mexico soils
Range UOS (kPa) UGS (kPa/m) 
Lower 1.2 0.8 
Typical 2.6 1.3 
Upper 3.8 2.1 
 
Effect of soil stiffness is investigated on two different seabed profiles, namely a flat 
seabed and a seabed with 0.6m-deep trench respectively in Figures 5.2 and 5.3. Both 
figures records an increase in hogging moment peak with stiffer seabed albeit at a 
decreasing rate. Notice that a fully suspended riser under self-weight will experience 
sagging moment throughout its length. The seabed resistance to downward action of 
self-weight is responsible for the hogging moments. For a flat seabed, a softer seabed 
with greater pipe penetration offers less resistance to maneuvering of riser configuration 
for distribution of bending moment. A riser resting on very slow clay seabed may sink 
into the seabed and not experience hogging moment even at touchdown region akin to a 
fully suspended riser although to a lesser degree as shown in Figure 5.2. On the other 
hand, a stiffer seabed restricts riser penetration causing larger local hogging moment.   
The numerical results for the 0.6m-deep trench are shown in Figure 5.3 with and without 
suction. Due to seabed unevenness, the effect of seabed stiffness on a 0.6m-deep trench 
is more pronounced than that of a flat seabed. The 0.6m-deep trench in Figure 5.4 shows 
a constant change of slope gradient from span of 20m to 70m. The curvature of this 
trench profile compounds the hogging moment. As a result of the concave profile, there 
is a greater need for riser penetration to distribute the hogging moments at sharp profile 
curvatures. Hence, the seabed stiffness influencing the amount of riser penetration to 
distribute moment is more significant in this trench profile as compared to that for a flat 
_________________________________________________________________________________ 98
seabed profile. As a general trend, the softer the soil is, the greater the amount of 
penetration in Figure 5.4 and the smaller the hogging moment becomes in Figure 5.3.     
Figure 5.3 also touches on the simplified approach of increasing seabed stiffness to 
ignore suction. It is noteworthy that at the widest moment envelope at span of 30m, the 
hogging moment peak coincides with the sagging moment peak. It can be observed that 
the hogging moment peak is influenced by seabed stiffness while the sagging moment 
peak is influenced by suction. For seabed with the lower stiffness limit, adopting the 
upper bound seabed stiffness without suction tends to overestimate the bending fatigue 
excessively. However for the seabed with typical stiffness, adopting the upper bound 
seabed stiffness without suction underestimates the bending moment envelope. It should 
also be noted that the factors influencing suction magnitude such as pull-out velocity and 
amount of consolidation play significant roles in determining the underestimation or 
overestimation of bending stresses with this simplified approach.   
For an overview, the seabed stiffness increases the hogging moment by restricting riser 
penetration, thereby widening the bending moment envelope in Figure 5.2 and Figure 
5.3. The influence of seabed stiffness is accentuated in uneven seabed with sharp 
curvatures. However, as riser penetration approaches zero with increasing stiffness, the 
change in bending moment envelope approaches a plateau in Figure 5.3.   
5.2 EFFECT OF TOUCHDOWN GEOMETRY 
The seabed geometry plays an important role in the riser bending stresses. The steep 
slope at the touchdown zone caused by trench formation is an area of concern. Although 
the numerical model cannot model the formation of trenches, the impact of trenches on 
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riser bending stress can still be analysed by considering the seabed geometry after 
trenches are formed. In Chapter 5.1, it has already been mentioned that a 0.6m-deep 
trench accentuates the hogging moment.  Uneven seabed or the presence of deep 
trenches at the touchdown region tends to increase local bending curvature of the riser. 
Numerical analyses employing a flat seabed and a seabed with varying trench depth of 
0.2m, 0.4m and 0.6m are compared to investigate the effect of touchdown geometry on 
riser bending moment envelope in Figures 5.5 and 5.6. As the seabed develops from a 
flat surface to a 0.6m-deep trench, the bending moment envelope continues swelling 
bigger. Figure 5.6 helps to explain the increasing bending moment envelope as a direct 
consequence of steeper touchdown geometry with increasing trench depth. Furthermore 
unlike seabed stiffness, Figure 5.5 does not display any signs of diminishing increase in 
bending moment. It can be inferred from this discovery that as trench depth increases 
with time, riser bending fatigue amplifies as well. Hence, it can be concluded that the 
touchdown geometry especially deep trenches is important in riser-seabed interaction 
and riser analyses.  
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Profile 1 Profile 2 Trench Depth  TD
30 m 20 m  
Figure 5.1  Assumed Touchdown Geometry 
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Figure 5.2  Effect of Seabed Stiffness on Moment Envelope (Flat Seabed) 
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upper limit with suction(Suo=1.27kPa) upper limit without suction(Suo=1.27)
 
Figure 5.3 Effect of Seabed Stiffness on Moment Envelope (0.6m-deep Trench) 
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Figure 5.4 Effect of Seabed Stiffness on Riser Profile (0.6m-deep Trench) 
_________________________________________________________________________________ 102

























Trench depth=0.0m Trench depth=0.2m Trench depth=0.4m Trench depth=0.6m
 
Figure 5.5 Effect of Trench Depth on Moment Envelope 
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Figure 5.6 Effect of Trench Depth on Riser Profile 
_________________________________________________________________________________ 103
CHAPTER 6 CONCLUSIONS AND 
RECOMMENDATIONS 
In this dissertation, the velocity-dependent Bridge’s suction model is incorporated 
numerically into the material model for plastic seabed trusses. Additional load paths 
have been proposed to complement the existing model. A brief conclusion on the 
feasibility of this approach as well as issues involving riser-seabed interaction is made. 
Recommendations for further studies are also suggested.  
6.2 CONCLUSIONS 
The modelling of riser-seabed interaction using user-defined plastic trusses is simple to 
implement and robust enough to incorporate suction as well as soil degradation in future. 
Through laboratory and large-scale experiments, the accuracy of the Bridge’s suction 
model is verified. By characterising re-penetration behaviour from suction which is 
common in typical riser scenarios, the proposed load paths have ensured the 
completeness of the interaction model to describe riser-seabed behaviour especially for 
cyclic riser motions.  
Several improvisations are made regarding the bearing width of riser resting on the 
trench and the touchdown geometry assumed. A major contribution is the numerical 
incorporation of Bridge suction model whereby pullout velocity is updated at every 
riser-seabed truss at each time-step during unloading. 
Through the numerical analyses, suction which causes peak local sagging moment is 
found to make a significant contribution to riser bending fatigue. The simplified 
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approach of assuming higher seabed stiffness to ignore suction is not reliable as it may 
underestimate or overestimate riser fatigue. 
For the parametric study, numerical findings indicated higher bending fatigue with 
stiffer seabed especially for uneven seabed. With the development of trenches at the 
touchdown geometry, bending moment envelope widens with time. Hence, the deep 
trenches formed with time accelerated riser fatigue and should be accounted for in riser-
seabed interaction.  
6.2 RECOMMENDATIONS 
This dissertation has verified the numerical model against experimental results in static 
analysis. Further developments are possible. The case of varying soil strength across the 
seabed can be carried with the existing numerical model.  
The numerical model can be easily extended to dynamic analysis in ABAQUS to include 
wave, current forces and internal flow. For dynamic analysis, heave motion at the top 
riser end that is critical for riser fatigue at TDP can be considered. Alternatively, the 
critical case of transverse motion at the riser top end in three-dimensional modeling can 
be carried out to investigate the bending fatigue caused by riser-seabed interaction with 
the trench walls in the transverse direction.   
For experiments, most pipe pull-out tests are conducted using artificially large loading in 
order to capture the pipe-soil interaction behaviour. However, risers are generally light 
in water and pull-out tests using the self-weight of the pipe would be closer to actual 
riser scenarios.  
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APPENDIX A  ABAQUS INPUT FILE 
        SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD, 
     1 RPL,DDSDDT,DRPLDE,DRPLDT, 
     2 STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,CMNAME, 
     3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT, 
     4 CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
      DIMENSION STRESS(NTENS),STATEV(NSTATV), 
     1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS), 
     2 STRAN(NTENS),DSTRAN(NTENS),TIME(2),PREDEF(1),DPRED(1), 
     3 PROPS(NPROPS),COORDS(3),DROT(3,3),DFGRD0(3,3),DFGRD1(3,3) 
C adaptation from elastictrussmat4.f 
C Declaration of variables 
 INTEGER:: 
OPENSTATUS,INPUTSTATUS,STAT,MEMSTATUS,CABLE_ELE,NUMBER,prevstat 
 REAL(8):: STRESSMIN,STRAINMIN,ELELENGTH,ALPA,STRAINMIN2 
 REAL(8):: STRESSINTER,LEINTER,LEMAX,STRESSMAX 
 REAL(8):: PI,NC,SUO,SUG,D,X,L,V,W,Y,LE,GRAD,STRAND,FORCE,DISP,B,DTXDE 
 REAL(8):: E1,E2,E3,E4,E5,E6,sigmau,C,dstressde,dbde,dncde,A4,A5,A6 
























 IF (KSTEP==1 .and. KINC==1) THEN 


















 IF (KSTEP<=3) THEN 
  IF (KSTEP==1 .AND. KINC==1) THEN 
 
    OPEN (10,FILE='/var/tmp/aixuy/expt/exptnode7x.dat',  
     9 ACCESS='DIRECT',FORM="FORMATTED",RECL=18,IOSTAT=OPENSTATUS) 
   IF (OPENSTATUS>0) STOP "CANNOT OPEN FILE" 
   NUMBER=NOEL-100000 
 READ(10,FMT='(ES17.9)',REC=NUMBER,IOSTAT=INPUTSTATUS) STATEV(4) 
   CLOSE(10) 
 
   X=STATEV(4) 
   DDSDDE(1,1)=FORCE*(L)/(D*(DISP+T_D+X))   
  END IF  
  IF (KSTEP==2 .or. kstep==4) THEN 
   IF (KINC==1) THEN 
    DDSDDE(1,1)=SLOPE 
   ENDIF 
  END IF  
  IF (KSTEP==3) THEN 
   IF (KINC==1 .AND. STRESS(1)<=0) THEN 
    DDSDDE(1,1)=(4.2-0.46)*L/(900-3)/D 
   ELSE 
    DDSDDE(1,1)=SLOPE 
   ENDIF 
  ENDIF 
  X=STATEV(4)  
  A=ELELENGTH*D 
  E1=(-1)*(X+T_D)/(L)   
  E2=(-1)*(X+T_D+0.025*D)/(L)   
  IF (ABS(DSTRAN(1)) > 0.000000000000001) THEN 
   STRAN(1)=STRAN(1)+DSTRAN(1) 
   STRAND=(-1)*STRAN(1)*(L)-X-T_D 
 
   IF (STRAN(1) >= E1)  THEN 
    STRESS(1)=0.0000000001*(STRAN(1)-E1) 
    DDSDDE(1,1)=0.0000000001 
    STAT=0 
    STATEV(8)=0.0D0 
    STRESSMIN=0.0 
    STRAINMIN=0.0 
   ELSE IF (STRAN(1)<E1) THEN 
    IF (STRAND<=0) THEN 
     B=0 
     DBDE=0 
     WRITE(*,*) "B=0,WATCH OUT FOR NC" 
    ELSE IF (STRAND>0.5D0*D) THEN 
     B=D 
     DBDE=0 
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    ELSE 
 T_X=0.5*((R1**2-R2**2)/(R1-R2+STRAND)-STRAND-R1+R2) 
     B=2*DSQRT(R2**2-T_X**2) 
 DTXDE=0.5*((R1**2-R2**2)*L/(R1-R2+STRAND)**2+L) 
 DBDE=(R2**2-T_X**2)**(-0.5)*(-2)*T_X*DTXDE 
     IF (B>D .OR. T_X<0) THEN 
      B=D 
      DBDE=0 
     ENDIF 
    ENDIF 
 
    TEMP=5.14*(1+0.23*DSQRT(STRAND/B)) 
    IF (TEMP<=7.5) THEN 
     NC=TEMP 
 DNCDE=0.5911*((-L)*DSQRT(B/STRAND)-DBDE*DSQRT(STRAND/B))/B 
    ELSE 
     DNCDE=0 
    ENDIF   
    ALPA=SUO+SUG*STRAND 
    SIGMAU=(-1)*NC*ALPA*B/D 
     
    IF (STRAN(1).GT. E2) THEN 
     STRESS(1)=SIGMAU 
 DDSDDE(1,1)=(-1)*(ALPA*(B*dncde+NC*dbde)-NC*B*SUG*(L))/D 
     STAT=1 
     STATEV(8)=STRESS(1)*D 
     STRESSMIN=0.0 
     STRAINMIN=0.0 
    ELSE 
     STRESS(1)=SIGMAU 
     STRESSMIN=STRESS(1) 
     STRAINMIN=STRAN(1) 
     STATEV(8)=STRESS(1)*D 
 DDSDDE(1,1)=(-1)*(ALPA*(B*dncde+NC*dbde)-NC*B*SUG*(L))/D 
     STAT=2 
    END IF 
   END IF 
  END IF 
C     ******************************************************************  







 IF (KINC==1 .AND. ABS(DSTRAN(1))<0.000000000000001) THEN 
  IF (STAT<=1) THEN 
  DDSDDE(1,1)=SLOPE 
  ELSE IF (NOEL<100600 .and. STEP==4) then 
   DDSDDE(1,1)=(-1)*STRESSMIN*(L)/(0.025*D) 
  ELSE 
   DDSDDE(1,1)=SLOPE 
  ENDIF 
  IF (KSTEP==5) THEN 
    DDSDDE(1,1)=STATEV(11) 
  ENDIF 
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 ELSE IF (ABS(DSTRAN(1)) > 0.000000000000001) THEN 
   
  IF (STAT>=2) THEN 
     
   STRAND=(-1)*STRAINMIN*L-X-T_D 
   IF (STRAND<=0) THEN 
    B=0 
    DBDE=0 
    WRITE(*,*) "B=0,WATCH OUT FOR NC" 
   ELSE IF (STRAND>0.5D0*D) THEN 
    B=D 
    DBDE=0 
   ELSE 
 T_X=0.5*((R1**2-R2**2)/(R1-R2+STRAND)-STRAND-R1+R2) 
    B=2*DSQRT(R2**2-T_X**2) 
 DTXDE=0.5*((R1**2-R2**2)*L/(R1-R2+STRAND)**2+L) 
 DBDE=(R2**2-T_X**2)**(-0.5)*(-2)*T_X*DTXDE 
    IF (B>D .OR. T_X<0) THEN 
     B=D 
     DBDE=0 
    ENDIF 
   ENDIF 
   TEMP=5.14*(1+0.23*DSQRT(STRAND/B)) 
   IF (TEMP<=7.5) THEN 
    NC=TEMP 
   ENDIF 
 IF ((STAT==2 .OR. STAT==3) .AND. DSTRAN(1)>0 .AND. KSTEP==4) THEN 
    V=DSTRAN(1)*L/DTIME 
 
C BE CAREFUL V HERE ONLY APPLICABLE FOR LIFTUP NO CYCLIC 
     
    FC=STATEV(8) 
    kc=1.0D0 
     
    kv=kf*(V/D)**nf 
 kt=0.00033D0*(-FC*1000)*DSQRT(0.5*TIM)/((D/1000)**2)+0.9 
   
    kdv=kd*(V/1000)**nd 
 kdt=0.0009D0*(-FC*1000)*DSQRT(0.5*TIM)/((D/1000)**2)+0.8 
    STATEV(9)=kc*kv*kt*NC*B/D*(SUO+SUG*STRAND) 
    STATEV(10)=kdv*kdt*D/L 
   ENDIF  
 
   Q=STATEV(9) 
   BREAKOUT=STATEV(10) 
 
   A4=BREAKOUT*0.075 
   A5=BREAKOUT*0.625 
   A6=BREAKOUT*0.3 
   E4=E3+A4 
   E5=E4+A5 
   E6=E5+A6 
  ENDIF   
  STRAN(1)=STRAN(1)+DSTRAN(1) 
  LE=STRAN(1) 
  STRAND=(-1)*LE*(L)-X-T_D 
  STATEV(11)=DDSDDE(1,1) 
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  IF ((STAT<=1 .AND. LE<E1)  .OR. 
     8 (STAT>=2 .AND. DSTRAN(1)<=0 .AND. LE<=STRAINMIN)) THEN  
   IF (STRAND<=0) THEN 
    B=0 
    DBDE=0 
    WRITE(*,*) "B=0,WATCH OUT FOR NC" 
   ELSE IF (STRAND>0.5D0*D) THEN 
    B=D 
    DBDE=0 
   ELSE 
 T_X=0.5*((R1**2-R2**2)/(R1-R2+STRAND)-STRAND-R1+R2) 
    B=2*DSQRT(R2**2-T_X**2) 
 DTXDE=0.5*((R1**2-R2**2)*L/(R1-R2+STRAND)**2+L) 
 DBDE=(R2**2-T_X**2)**(-0.5)*(-2)*T_X*DTXDE 
    IF (B>D .OR. T_X<0) THEN 
     B=D 
     DBDE=0 
    ENDIF 
   ENDIF 
   NC=7.5D0 
   TEMP=5.14*(1+0.23*DSQRT(STRAND/B)) 
   IF (TEMP<=7.5) THEN 
    NC=TEMP 
 DNCDE=0.5911*((-L)*DSQRT(B/STRAND)-DBDE*DSQRT(STRAND/B))/B 
   ELSE 
    DNCDE=0 
   ENDIF     
  
   ALPA=SUO+SUG*STRAND 
   SIGMAU=(-1)*NC*ALPA*B/D 
  END IF 
   
  IF (STAT>=4) THEN    
   GRAD=(0-STRESSMIN)/(0.025*D)*L 
   LEINTER=LEMAX-STRESSMAX/GRAD 
   STRESSINTER=0.0  
  END IF  
 
  IF (LE >= E1 .AND. STAT<=1)  THEN 
   STRESS(1)=0.0000000001*(LE-E1) 
   DDSDDE(1,1)=0.0000000001 
   STAT=0 
   STRESSMIN=0.0 
   STRAINMIN=0.0 
  ELSE IF (STAT<=1 .AND. LE>E2 .AND. LE<E1) THEN  
   STRESS(1)=sigmau 
 DDSDDE(1,1)=(-1)*(ALPA*(B*DNCDE+NC*DBDE)-NC*B*SUG*(L))/D 
   STAT=1 
   STRESSMIN=0.0 
   STRAINMIN=0.0 
  ELSE IF ((STAT<=1 .AND. LE<=E2) .OR. 
     8 (STAT>=2 .AND. LE<=STRAINMIN)) THEN 
   STRESS(1)=SIGMAU 
   STRESSMIN=STRESS(1) 
   STRAINMIN=STRAN(1) 
 DDSDDE(1,1)=(-1)*(ALPA*(B*dncde+NC*dbde)-NC*B*SUG*(L))/D 
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   STAT=2 
 
  ELSE IF (STAT>=2 .AND. STAT<=3 .AND. LE>STRAINMIN .AND.  
     7  LE<=E3) THEN 
 STRESS(1)=STRESSMIN-STRESSMIN*(L)*(STRAN(1)-STRAINMIN)/(0.025*D) 
  DDSDDE(1,1)=(-1)*STRESSMIN*(L)/(0.025*D) 
  STAT=3 
  ELSE IF (DSTRAN(1)>0) THEN 
   IF ((LE>E3 .AND. LE<E4 .AND. STAT>=2 .AND. STAT<=4) .OR.  
     6 (STAT==8 .AND. LE>=LEMAX .AND. LE<E4)) THEN 
    DDSDDE(1,1)=Q/A4 
    STRESS(1)=DDSDDE(1,1)*(LE-E3) 
    STAT=4 
    LEMAX=STRAN(1) 
    STRESSMAX=STRESS(1) 
     
   ELSEIF ((LE>=E4 .AND. LE<=E5 .AND. STAT>=2 .AND. STAT<=5)  
     5 .OR. (STAT==8 .AND. LE>=LEMAX .AND. LE<=E5))THEN 
    STRESS(1)=Q 
    DDSDDE(1,1)=0.0000000001 
    STAT=5 
    LEMAX=STRAN(1) 
    STRESSMAX=STRESS(1) 
 
   ELSEIF ((LE>E5 .AND. LE<E6 .AND. STAT>=2 .AND. STAT<=6) 
     4 .OR. (STAT==8 .AND. LE>=LEMAX .AND. LE<E6))THEN 
    DDSDDE(1,1)=Q*(-1)/A6 
    STRESS(1)=DDSDDE(1,1)*(LE-E6) 
    STAT=6 
    LEMAX=STRAN(1) 
    STRESSMAX=STRESS(1) 
 
 ELSEIF (LE>=E6 .AND. ((STAT>=2 .AND. STAT<=6) .OR. STAT==8)) THEN 
    STRESS(1)=-0.0000000001*(LE-E6) 
    DDSDDE(1,1)=-0.0000000001 
    STAT=7 
    LEMAX=E6 
    STRESSMAX=0.0 
 
   ELSE IF (((STAT==7) .OR. (STAT==9)) .AND. LE>LEINTER) THEN 
    STRESS(1)=-0.0000000001*(LE-E6) 
    DDSDDE(1,1)=-0.0000000001 
    STAT=7 
 
   ELSE IF (STAT==8 .AND.  LE>LEINTER .AND. LE<LEMAX) THEN 
    STRESS(1)=GRAD*(STRAN(1)-LEINTER) 
    DDSDDE(1,1)=GRAD 
    STAT=8 
 ELSE IF (STAT==9 .AND. LE>STRAINMIN .AND. LE<=LEINTER) THEN 
 STRESS(1)=STRESSMIN*(STRAN(1)-STRAINMIN)/(STRAINMIN-
LEINTER)+STRESSMIN 
    DDSDDE(1,1)=STRESSMIN/(STRAINMIN-LEINTER) 
    STAT=9 
   ELSE 
    WRITE(*,*) "SOMETHING'S WRONG!" 
   END IF 
  ELSE IF (DSTRAN(1)<0) THEN 
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   IF (STAT==7 .AND. LE>LEINTER) THEN 
    STRESS(1)=-0.0000000001*(LE-E6) 
    DDSDDE(1,1)=-0.0000000001 
    STAT=7 
        ELSE IF ((STAT>=4 .AND. STAT<=6 .OR. STAT==8)  
     3  .AND. LE>LEINTER .AND. LE<LEMAX) THEN 
    STRESS(1)=GRAD*(STRAN(1)-LEINTER) 
    DDSDDE(1,1)=GRAD 
    STAT=8 
   ELSE IF (STAT>=4 .AND. STAT<=9 .AND. LE>STRAINMIN  
     2  .AND. LE<=LEINTER) THEN 
 STRESS(1)=STRESSMIN*(STRAN(1)-STRAINMIN)/(STRAINMIN-
LEINTER)+STRESSMIN 
    DDSDDE(1,1)=STRESSMIN/(STRAINMIN-LEINTER) 
    STAT=9 
   END IF           
  ELSE 
   WRITE(*,*) "SOMETHING'S WRONG!" 
  END IF 
 IF (PREVSTAT==2 .AND. STAT>=4) THEN 
  WRITE(*,*) "STAGE 3 IS BYPASSED!" 
 ENDIF   
 STATEV(6)=LEMAX 
 STATEV(7)=STRESSMAX 
 END IF 






      END SUBROUTINE UMAT 
 
       SUBROUTINE  DISP(U,KSTEP,KINC,TIME,NODE,NOEL,JDOF,COORDS) 
C 
  INCLUDE 'ABA_PARAM.INC' 
  DIMENSION U(3),TIME(2),COORDS(3) 
C Declaration of variables 
 REAL(8):: PI 
  
 PI=3.1414592654 
C Evaluation  
 IF (KSTEP==4) THEN 
 IF (TIME(1)==0) THEN 
 U(1)=9504 







       RETURN 
       END  
